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Foreword 

Part of the charm of synthetic organic chemistry derives from the vastness of the 
intellectual landscape along several dimensions. First, there is the almost infinite variety 
and number of possible target structures that lurk in the darkness, waiting to be made. 
Then, there is the vast body of organic reactions that serve to transform one substance 
into another, now so large in number as to be beyond credibility to a non-chemist. 
Further, there is the staggering range of reagents, reaction conditions, catalysts, elements 
and techniques that must be mobilized in order to tame these reactions for synthetic 
purposes. Finally, it seems that new information is being added to the science at a rate 
that outstripped our ability to keep up with it. In such a troubled setting any author, or 
group of authors, must be regarded as heroic if, through their efforts, the task of the 
synthetic chemist is eased. 

The field of heterocylic chemistry has long presented a special problem for 
chemists. Because of its enormous information content and variety, it is not well taught 
to chemistry undergraduate or graduate students, even in simplified form. There is 
simply too much material for the time available. And yet, the chemistry of heterocyclic 
compounds and methods for their synthesis form the bedrock of modern medicinal 
chemical and pharmaceutical research. It is important for medicinal chemists to be 
broadly knowledgeable across a wide swath of heterocyclic chemistry. Those who 
specialize narrowly do so at their own peril. If you grant me the accuracy of all of the 
above, you likely will share my conviction that there is a need for high-quality, up-to- 
date, and authoritative books on heterocyclic synthesis that are helpful for the 
professional research chemist and also the advanced student. This volume, Name 
Reactions in Heterocyclic Chemistry is a model of what such books should be. Written 
concisely and with great skill and care by Dr. Jie Jack Li and a distinguished group of 
experts in the field of heterocyclic chemistry, this is a book that will be tremendously 
useful and helpful to synthetic and medicinal chemists, on whose shelves it will surely 
find a place. On behalf of these users, myself included, I send thanks and 
congratulations. 




E. J. Corey 
May 1,2004 
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Preface 

Since the infancy of organic chemistry, the practitioners in the field have often associated 
reactions with the chemists who discovered it. Even with the advent of IUPAC 
nomenclature, name reactions are still intimately intertwined with our profession, 
becoming a part of our daily language. Therefore, getting acclimated with this jargon is 
an integral part of the training to earn proficiency in organic chemistry. 

On the other hand, heterocycles are of paramount importance to medicinal and 
agricultural chemists. This comprehensive and authoritative treatise provides a one-stop 
repository for name reactions in heterocyclic chemistry. Each name reaction is 
summarized in seven sections: 

1 . Description; 

2. Historical Perspective; 

3. Mechanism; 

4. Variations and Improvements; 

5. Synthetic Utility; 

6. Experimental; and 

7. References. 

I also have introduced a symbol [R] to highlight review articles, book chapters and books 
dedicated to the respective name reactions. 

I have incurred many debts of gratitude to Prof. E. J. Corey of Harvard 
University, who envisioned this project in the summer of 2002. What he once told me: — 
"The desire to learn is the greatest gift from God." — has been a true inspiration. 
Furthermore, it has been my greatest privilege as well as a pleasure to work with a stellar 
collection of contributing authors from both academia and industry. Some of them are 
world-renowned scholars in the field; some of them have worked intimately with the 
name reactions that they have written; some of them even took part in the discovery of 
the name reactions that they authored in this manuscript. As a consequence, this book 
truly represents the state-of-the-art for Name Reactions in Heterocyclic Chemistry. We 
will follow up with the second volume to complete the series on heterocyclic chemistry. 



/ ^4^ 



Jack Li 
April 24, 2004 
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1.1 Corey-Chaykovsky Reaction 

1.1.1 Description 

The Corey-Chaykovsky reaction entails the reaction of a sulfur ylide, either 
dimethylsulfoxonium methylide (1, Corey's ylide, sometimes known as DMSY) or 
dimethylsulfonium methylide (2), with electrophile 3 such as carbonyl, olefin, imine, or 
thiocarbonyl, to offer 4 as the corresponding epoxide, cyclopropane, aziridine, or 
thiirane. 1-7 



CH 2 

1 



CH 2 
H 3 C CH3 



X 
3 



1 or 2 



R-^R 1 
4 



X = 0,CH 2> NR 2 , S, CHCOR 3 , 
CHC0 2 R 3 , CHCONR 2 , CHCN 



For an a,(3-unsaturated carbonyl compound, 1 adds preferentially to the olefin to 
furnish the cyclopropane derivative, whereas the more reactive 2 generally undergoes the 
methylene transfer to the carbonyl, leading to the corresponding epoxide. Also due to the 
difference of reactivities, reactions using 1 require slightly elevated temperature, 
normally around 50-60°C, whereas reactions using the more reactive 2 can be carried out 
at colder temperature ranging from -15°C to room temperature. Moreover, while it is 
preferable to freshly prepare both ylides in situ, 2 is not as stable as 1, which can be 
stored at room temperature for several days. 



1.1.2 Historical Perspective 

In 1962, Corey and Chaykovsky described the generation and synthetic utility of 
dimethylsulfoxonium methylide (1) and dimethylsulfonium methylide (2). 8 ~ 12 Upon 
treatment of DMSO with NaH, the resulting methylsulfinyl carbanion reacted with 
trimethylsulfoxonium iodide (5) to produce dimethylsulfoxonium methylide (1). The 
subsequent reaction between 1 and cycloheptanone rendered epoxide 6. Similar results 
were observed for other ketones and aldehydes as well, with a limitation where treatment 
of certain ketones (e.g. desoxybenzoin and A 4 -cholestenone) with 1 failed to deliver the 
epoxides possibly due to their ease to form the enolate ions by proton transfer to 1. 
Interestingly, Michael receptor 7 reacted with 1 to provide access to the "methylene 
insertion" product, cyclopropane 8. Meanwhile, thiiranes were isolated in good yields 
from the reaction of thiocarbonyls and 1, and methylene transfer from 1 to imines took 
place to afford aziridines. 



11 4- 
S 

H3C Q|Ip H 3 



NaH 



DMSO 



CH 2 

n 

3 CH 3 
1 




DMSO, 50°C, 71% 
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Ph 
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95% 



Ph X]Ap h 



1.1.3 Mechanism 

Similar to phosphur ylides, sulfur ylides 1 and 2 possess the nucleophilic site at the 
carbon atom and the pendant leaving group at the heteroatom (sulfur). Different from the 
Wittig reaction, the Corey-Chaykovsky reaction does not lead to olefins. 

The mechanism of epoxide formation using sulfur ylides 13 is analogous to that of 
the Darzens condensation. In the Darzens condensation, enolate 9 adds to ketone 10, 
forming alkoxide 11, which undergoes an internal Sn2 to give epoxide 12. In a parallel 
fashion, addition of dimethylsulfoxonium methylide (1) to ketone 13, led to betaine 14, 
which also undergoes an internal S N 2 to secure epoxide 15. On the other hand, Michael 
addition of 1 to enone 16 gives betaine 17, which subsequently undergoes an internal Sn2 
to deliver cyclopropyl ketone 18. 14 

Darzens condensation: 



^R 2 

OEt 
(P 9 



&k 



intramolecular , P. 
M fc R 1 / \ R 

^C0 2 Et Sn2 R 2 C0 2 Et 
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12 



Corey-Chaykovsky reaction: 
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H3 ° CH 3 V_Q 
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H 3 C^s: 

H 3 C 
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H3C CH3 
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1.1.4 Variations and Improvements 

Sulfur ylides 1 and 2 are usually prepared by treatment of either trimethylsulfoxonium 
iodide (5) or trimethylsulfonium iodide, respectively, with NaH or n-BuLi. 12 An 
improvement using KO?Bu 13 ' 5 is safer than NaH and n-BuLi for large-scale operations. 



Name Reactions in Heterocyclic Chemistry 



In addition, NaOMe, and NaNFk, have also been employed. Application of phase- 
transfer conditions with tetra-n-butylammonium iodide showed marked improvement for 
the epoxide formation. 16 Furthermore, many complex substituted sulfur ylides have been 
synthesized and utilized. For instance, stabilized ylide 20 was prepared and treated with 
a-D-aZZo-pyranoside 19 to furnish a-D-cyclopropanyl-pyranoside 21. n Other examples 
of substituted sulfur ylides include 22-25, among which aminosulfoxonium ylide 25, 

18 

sometimes known as Johnson's ylide, belongs to another category. The 

aminosulfoxonium ylides possess the configurational stability and thermal stability not 
enjoyed by the sulfonium and sulfoxonium ylides, thereby are more suitable for 
asymmetric synthesis. 



OAc 




OEt 
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PhH, rt, 8 h, 62% 
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OEt 21 



COoEt 



+ 
Me 2 S 



"C0 2 Me 2 S CONMe 2 Ph 2 S' 
22 23 24 
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1.1.5 Synthetic Utility 
1.1.5.1 Epoxidation 

Epoxidation of aldehydes and ketones is the most profound utility of the 
Corey-Chaykovsky reaction. As noted in section 1.1.1, for an a,|3-unsaturated carbonyl 
compound, 1 adds preferentially to the olefin to provide the cyclopropane derivative. On 
the other hand, the more reactive 2 generally undergoes the methylene transfer to the 
carbonyl, giving rise to the corresponding epoxide. For instance, treatment of P-ionone 
(26) with 2, derived from trimethylsulfonium chloride and NaOH in the presence of a 
phase-transfer catalyst Et4f3nNCl, gave rise to vinyl epoxide 27 exclusively. 19 




Me 3 SCI, NaOH, Et 3 BnNCI 

1 

CH 2 C1 2 /H 2 0, 90% 




Isolated carbonyls always give epoxides from the Corey-Chaykovsky reaction. 
Take the aldehyde substrate as an example. Spiro epoxide 30 was produced from the 
reaction of trisnorsqualene aldehyde 28 (R20 represents the polyene side-chain with 20 
carbons) with substituted sulfur ylide 29, prepared in situ from 



cyclopropyldiphenylsulfonium tetrafluoroborate and KOH. For the epoxidation of 
ketones, the Corey-Chaykovsky reaction works well for diaryl- (31), 21 arylalkyl- (32), 22 
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as well as dialkyl (33) ketones. When steric bias exists on the substrate, stereoselective 
epoxidation may be achieved. For example, treatment of dihydrotestosterone (DHT, 35) 
with the Corey ylide 1 followed by TPAP oxidation resulted in only one diastereomeric 
keto-epoxide 36. 3 
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Stereoselective epoxidation can be realized through either substrate-controlled 
(e.g. 35 — > 36) or reagent-controlled approaches. A classic example is the epoxidation of 
4-f-butylcyclohexanone. 12 When sulfonium ylide 2 was utilized, the more reactive ylide 
irreversibly attacked the carbonyl from the axial direction to offer predominantly epoxide 
37. When the less reactive sulfoxonium ylide 1 was used, the nucleophilic addition to the 
carbonyl was reversible, giving rise to the thermodynamically more stable, equatorially 
coupled betaine, which subsequently eliminated to deliver epoxide 38. Thus, 
stereoselective epoxidation was achieved from different mechanistic pathways taken by 
different sulfur ylides. In another case, reaction of aldehyde 38 with sulfonium ylide 2 
only gave moderate stereoselectivity (41:40 = 1.5/1), whereas employment of 
sulfoxonium ylide 1 led to a ratio of 41:40 = 13/1. 24 The best stereoselectivity was 
accomplished using aminosulfoxonium ylide 25, leading to a ratio of 41:40 = 3071. For 
ketone 42, a complete reversal of stereochemistry was observed when it was treated with 
sulfoxonium ylide 1 and sulfonium ylide 2, respectively. 25 
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In transforming bis-ketone 45 to keto-epoxide 46, the elevated stereoselectivity 
was believed to be a consequence of the molecular shape — the sulfur ylide attacked 
preferentially from the convex face of the strongly puckered molecule of 45. Moreover, 
the pronounced chemoselectivity was attributed to the increased electrophilicity of the 
furanone versus the pyranone carbonyl, as a result of an inductive effect generated by the 
pair of spiroacetal oxygen substituents at the furanone cc-position. 26 




1,DMSO, rt 




'C0 2 Me 15min,>76% 



"'C0 2 Me 



Since chiral sulfur ylides racemize rapidly, they are generally prepared in situ 
from chiral sulfides and halides. The first example of asymmetric epoxidation was 
reported in 1989, using camphor-derived chiral sulfonium ylides with moderate yields 



and ee (< 47%). Since then, much effort has been made in the asymmetric epoxidation 
using such a strategy without a significant breakthrough. In one example, the reaction 
between benzaldehyde and benzyl bromide in the presence of one equivalent of camphor- 
derived sulfide 47 furnished epoxide 48 in high diastereoselectivity (trans:cis = 96:4) 
with moderate enantioselectivity in the case of the trans isomer (56% ee). 
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The Corey-Chaykovsky reaction incited some applications in medicinal 
chemistry. During the synthesis of analogs of fluconazole, an azole antifungal agent, 
treatment of 49 with 1 led to the corresponding epoxide, which was subsequently 
converted to 50 as a pair of diastereomers. 29 Analogously, the Corey-Chaykovsky 
reaction of ketone 51 gave the expected epoxide, which then underwent an Sn2 reaction 
with l#-l,2,4-triazole in the presence of NaH to deliver 52, another azole antifungal 
agent. 30 
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1.1.5.2 Cyclopropanation 

Due to the high reactivity of sulfonium ylide 2 for a,|3-unsaturated ketone substrates, it 
normally undergoes methylene transfer to the carbonyl to give the corresponding 
epoxides. However, cyclopropanation did take place when 1,1-diphenylethylene and 
ethyl cinnamate 13 were treated with 2 to furnish cyclopropanes 53 and 54, respectively. 
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Dimethylsulfoxonium methylide (1) is the reagent of choice for the 
cyclopropanation of a,(3-unsaturated carbonyl substrates. The reaction is generally 
carried out at more elevated temperatures in comparison to that of 2, although exceptions 
exist. The method works for oc,P-unsaturated ketones, esters and amides. Representative 
examples are found in transformations of 2(5/f)-furanone 55 to cyclopropane 56 31 and 
a,f3-unsaturated Weinreb amide 57 to cyclopropane 58. 32 
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As in the case of epoxidation, asymmetric cyclopropanation can be accomplished 
through either substrate-controlled or reagent-controlled approaches. The former 
approach requires an inherent steric bias in the substrates that often exist in the form of 
chiral auxiliaries. Substrate 59, derived from 1-hydroxy pinan-3-one, gave only 
diastereomer 60 when treated with l. 33 Ylide 1 attacked the less shielded face opposite to 
the gem-dimethyl group, and DMSO release with formation of the spirocyclic adduct 
occurred prior to bond rotation. With regard to chiral a,f3-unsaturated bicyclic y-lactam 
61, the cyclopropanation took place in a highly diasteroselective fashion using anion 22 
(dimethylsulfuranylidene acetate), resulting in the anti-adduct 62 as the predominant 
product (62: 63 = 99: l). 34 
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Reagent-controlled asymmetric cyclopropanation is relatively more difficult using 
sulfur ylides, although it has been done. 35 It is more often accomplished using chiral 
aminosulfoxonium ylides. Finally, more complex sulfur ylides (e.g. 64) may result in 
more elaborate cyclopropane synthesis, as exemplified by the transformation 65 — > 66. 36 
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1.1.5.3 Aziridination 

In the initial report by Corey and Chaykovsky, dimethylsulfonium methylide (2) reacted 
smoothly with benzalaniline to provide an entry to 1,2-diphenylaziridine 67. 12 Franzen 
and Driesen reported the same reaction with 81% yield for 67. 13 In another example, 
benzylidene-phenylamine reacted with 2 to produce l-(p-methoxyphenyl)-2- 
phenylaziridine in 71% yield. The same reaction was also carried out using phase- 
transfer catalysis conditions. 37 Thus aziridine 68 could be generated consistently in good 
yield (80-94%). Recently, more complex sulfur ylides have been employed to make 
more functionalized aziridines, as depicted by the reaction between N-sulfonylimine 69 
with diphenylsulfonium 3-(trimethylsilyl)propargylide (70) to afford aziridine 71, along 
with desilylated aziridine 72. 38 
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Asymmetric aziridination from imines using the Corey-Chaykovsky reaction is 
not well studied. The modest asymmetric induction is possibly due to the weak steric 
bias a chiral auxiliary exerted on the nucleophilic addition. Another possibility is that the 
bond rotation of the betaine intermediate may be so fast that it is difficult to achieve high 
stereoselectivity. Nowadays, asymmetric synthesis from imines is most frequently 
accomplished by addition of transition metal-catalyzed diazo reagents to the imines in the 
presence of chiral ligands. At any rate, examples of substrate-controlled aziridine 
formation using the Corey-Chaykovsky reaction can be found in the transformation 73 
— > 74 and 74' where de was only 20%. 39 However, when thep-tolyl group was replaced 
by a ?-butyl group, the de was as high as 90%. 
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Reagent-controlled aziridination using camphor-derived chiral sulfide 47 has been 
reported with ee values of 84-98% for the trans isomer although the trans : cis ratio was 
mediocre. 40 



1.1.5.4 Methylation 

C-Methylation products, o-nitrotoluene and p-nitrotoluene, were obtained when 
nitrobenzene was treated with dimethylsulfoxonium methylide (l). 41 The ratio for the 
ortho and para-methylation products was about 10-15 : 1 for the aromatic nucleophilic 
substitution reaction. The reaction appeared to proceed via the single-electron transfer 
(SET) mechanism according to ESR studies. 
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N-Methylation of the NH of heterocycles using 1 is also known as exemplified by 
the methylation of indole. 42 The interesting mechanism is delineated below. O- 
methylation of weak acids such as phenols, carboxylic acids and oximes as well as 5- 
methylation such as iV-phenylisorhodanine, certain thioketones, and dithiocarboxylic 
acids have also been reported. 
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1.1.5.5 Heterocycle and carbocycle formation 

Corey's ylide (1), as the methylene transfer reagent, has been utilized in ring expansion 
of epoxide 75 and arizidine 77 to provide the corresponding oxetane 76 15 and azetidine 
1S, U respectively. 
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In Corey and Chaykovsky's initial investigation, a cyclic ylide 19 was observed 
from the reaction of ethyl cinnamate with ylide 1 in addition to 32% of cyclopropane 
53. 10 In a similar fashion, an intermolecular cycloaddition between 2-acyl-3,3- 
bis(methylthio)acrylnitrile 80 and 1 furnished 1-methylthiabenzene 1-oxide 81. 45 Similar 
cases are found in transformations of ynone 82 to 1-arylthiabenzene 1-oxide S3 46 and N- 
cyanoimidate 84 to adduct ylide 85, which was subsequently transformed to 1-methyl- 
R 4 -4-thiazin-l-oxide 86. 47 
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In a unique approach to the synthesis of isoxazole derivatives, a-isonitroso ketone 
87 was treated with dimethylsulfonium methylide (2) to give 5-hydroxyisoxazoline 88. 48 
It was demonstrated that the reaction proceeded through an epoxyoxime intermediate. 

O Ph Ph 

Hcr N -10toO°C, 42% O 

87 88 

In addition to the synthesis of heterocycles, the Corey-Chaykovsky reaction 
bestows an entry to carbocycles as well. The reaction of (trialkylsilyl)vinylketene 89 
with substituted ylide 90 49 led exclusively to fran.s-4,5-dimethyl cyclopentenone 91 . 50 
The substituted ylide 90 here serves as a nucleophilic carbenoid reagent in the formal [4 
+1] annulation reaction. 
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1.1.5.6 Polyhomologation 

An ingenious application of Corey's ylide (1) was discovered by the Shea group in 
1997. 51 ' 52 Using trialkylboranes as initiator/catalyst and 1 as the monomer, a living 



Chapter 1. Epoxides and Aziridines 13 

polymerization led to linear polymethylene polymers (as opposed to the common 
polyethylene polymers). Controlling the initial ratio of ylide 1 and triethylborane 
leveraged control over molecular weight. Oxidative cleavage of the C-B bond under 
basic oxidation conditions produced perfectly linear polymethylene 92. Furthermore, 
extension of this novel chemistry provided means to build many new polymethylene 
architectures such as star-shaped polymethylenes, ring expansion of cyclic and polycyclic 
organoboranes, as well as macrocyclic oligmers and polymers. 

1 ) 3 eqivs. 1 r , 

Et 3 B - 3 Et4CH 2 j^-CH 2 OH 

2) H 2 2 /NaOH 92 " 

1.1.6 Experimental 
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F' Y^ 60°C, 3.5 h, 79% 

CI 
93 

AH3-Chloro-4-fluorobenzoyl)-oxa-6-azaspiro[2,5]-octane(94): 53 

A solution of dimethylsulfoxonium methylide (1) was prepared, under nitrogen, from 
sodium hydride (1.52 g of 60% despersion in mineral oil, 37.8 mmol) and 
trimethylsulfoxonium iodide (5, 8.32 g, 37.8 mmol) in anhydrous DMSO (20 mL). A 
solution of iV-(3-chloro-4-fluorobenzoyl)-piperidine-4-one (93, 9.21 g, 36 mmol) in 
DMSO (20 mL) was added in 30 min and stirring was maintained at 60°C for 3.5 h. The 
cooled reaction mixture was poured into ice water and extracted with ethyl acetate. The 
combined organic layers were washed with water and brine and then dried and 
concentrated. The residue was purified by a short flash chromatography on silica gel, 
eluting with CHCl 3 -EtOAc (9:1), to give 7.68 g of 94 (79%) as an oil which crystallized 
on standing: mp 75-77°C; J H NMR (CDC1 3 ) 5 1.50 (m, 2H), 1.92 (m, 2H), 2.74 (s, 2H), 
3.87 (m, 1H), 4.19 (m, 1H), 7.18 (t, 1H), 7.32 (m, 1H), 7.51 (dd, 1H); IR (KBr, cm" 1 ) 
1620. 
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1.2 Darzens Glycidic Ester Condensation 

1.2.1 Description 

Darzens glycidic ester condensation 1 generally involves the condensation of an aldehyde 
or ketone 2 with the enolate of an a-halo ester 1 which leads to an a,(3-epoxy ester (a 
glycidic ester) (3). Thus the reaction adds two carbons to the electrophile; however, the 
reaction has been primarily developed as a one-carbon homologation method. That is, 
subsequent to the condensation, the ester is saponified and decarboxylation ensues to give 
the corresponding aldehyde or ketone 5. 2 
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Various stabilized a-halo anions (diazo ketones, imines, nitriles, phosphonates, 
silicon, sulfones, etc.) have been employed in the reaction. Methods for the preparation of 
aziridines using the process have been examined, and asymmetric variants have been 
reported. Although hydroxide can often be used for generating the anion, a non- 
nucleophilic base (f-BuOK, LiHMDS, LDA) is generally used in the reaction to avoid 
S N 2 displacement of the electrophile. The halide of the nucleophilic component of the 
reaction is typically chlorine — stronger leaving groups (bromine and especially iodine) 
lead toward y-keto esters (after saponification/decarboxylation is carried out), a result of 
intermolecular S N 2 displacement. 3 The diverse nature of the substrates and conditions 
that can be employed in the reaction precludes further discussion to the general nature of 
the reaction. 2 

1.2.2 Historical Perspective 

Although glycidic esters were first prepared by Erlenmeyer in 1892, Darzens 
subsequently studied the reaction and demonstrated its usefulness as a synthetic method. 4 
In a significant achievement in synthesis during the 1940s, the titled reaction process was 
used in the industrial reaction pathway to prepare vitamin A (9). 5 Thus methyl 
chloroacetate (7) and P-ionone (6) were treated with sodium ethylate to give the 
corresponding glycidic ester. Upon saponification and decarboxylation, thermo- 
dynamically favored trienal 8 is provided, which can be further elaborated to vitamin 
A.2.5 
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vitamin A (9) 



1.2.3 Mechanism 

Several years ago, there was much debate concerning the mechanism of the Darzens 
condensation. 2 ' 3 The debate concerned whether the reaction employed an enolate or a 
carbene intermediate. In recent years, significant evidence that supports the enolate 
mechanism has been obtained, wherein the stabilized carbanion (11) of the halide (10) is 
condensed with the electrophile (12) to give diastereomeric aldolate products (13,14), 
which subsequently cyclize via an internal Sn2 reaction to give the corresponding oxirane 
(15 or 16). The intermediate aldolates have been isolated for both oc-fluoro- and cc- 
chloroesters 10. 23 
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Furthermore, in analogy to the aldol reaction, a-chloro-a,(3-unsaturated esters 
have been observed — likely the result of p-elimination of water from the intermediate 
halohydrin. For example, when benzaldehyde is condensed with the enolate of 17, 
chloride 19 was obtained. 6 
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The ratio of products 15 and 16 is dependent on the structures, base, and the 
solvent. The kinetics of the reaction is likewise dependant on the structures and 
conditions of the reaction. Thus addition or cyclization can be the rate-determining step. 
In a particularly noteworthy study by Zimmerman and Ahramjian, 7 it was reported that 
when both diastereomers of 20 were treated individually with potassium r-butoxide only 
crs-epoxy propionate 21 was isolated. It is postulated that the cyclization is the rate- 
limiting step. Thus, for these substrates, the retro-aldolization/aldolization step is 
reversible. 7 
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An explanation for the stereoselectivity of the reaction involves optimal overlap 
of the 7t-orbital of the carbonyl with the developing electron rich p-orbital on C2 during 
the S N 2 displacement of the chloride by the alkoxide (24). Thus, orbital overlap imposes 
conformational constraints in the transition state that leads to nonbonding interactions 
disfavoring transition state 25. 7 





24 



25 



1.2.4 Variations and Improvements 

In recent years, several modifications of the Darzens condensation have been reported. 
Similar to the aldol reaction, the majority of the work reported has been directed toward 
diastereo- and enantioselective processes. In fact, when the aldol reaction is highly 
stereoselective, or when the aldol product can be isolated, useful quantities of the 
required glycidic ester can be obtained. Recent reports have demonstrated that 
diastereomeric enolate components can provide stereoselectivity in the reaction: 
examples include the camphor-derived substrate 26, 8 in situ generated a-bromo-A^- 
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acetyloxazolidinethione 27, 9 menthol and 8-phenylmenthol esters 28 and 29. 10 It is 
noteworthy that Aggarwal recently showed that the camphor derived sulfonium salt 30 
could be condensed with various aldehydes in good yields (79-93%), and up to 99% ee. u 




26 
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Interestingly, phase-transfer catalysts including crown ethers have been used to 
promote enantioselective variations of Darzens condensation. Toke and coworkers 
showed that the novel 15-crown-5 catalyst derived from D-glucose 33 could promote the 
condensation between acetyl chloride 31 and benzaldehyde to give the epoxide in 49% 
yield and 71% ee. 12 A modified cinchoninium bromide was shown to act as an effective 
phase transfer catalyst for the transformation as well. 13 
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In a separate report, preparation of the lithium enolate of 31 in the presence of 
indium trichloride and benzaldehyde provided a 77% yield of 32 with complete trans 
selectivity; however, sequential addition of indium trichloride and benzaldehyde provided 
Barbier-type products. 14 Organotin enolates have also been used in a Darzens-type 
reaction. 15 



1.2.5 Synthetic Utility and Applications 

The Darzens condensation reaction has been used with a wide variety of enolate 
equivalents that have been covered elsewhere. 2 A recent application of this important 
reaction was applied toward the asymmetric synthesis of aziridine phosphonates by Davis 
and coworkers. 16 In this application, a THF solution of sulfinimine 34 (0.37 mmol, >98% 
ee) and iodophosphonate 35 (0.74 mmol) was treated with LiHMDS (0.74 mmol) at -78 
°C to give aziridine 36 in 75% yield. Treatment of 36 with MeMgBr removed the sulfinyl 
group to provide aziridine 37 in 72% yield. 16a 
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Darzens reaction can be used to efficiently complete the stereoselective synthesis 
of a'-substituted epoxy ketones. As an example, Enders and Hett reported a technique for 
the asymmetric synthesis of oc'-silylated oc,|3-epoxy ketones. Thus, optically active cc'- 
silyl a-bromoketone 38 was treated with LDA followed by the addition of benzaldehyde 
to give a'-silyl epoxyketone 40 in 66% yield with good de. xl 
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In a separate report, the Darzens reaction was recently used by Barluenga, 
Concellon, and coworkers for the preparation of enantiopure oc'-amino a,|3-epoxy 
ketones. Accordingly, the Z enolate of oc'-amino a-bromo ketone 41 was generated with 
KHMDS at -100°C. Benzaldehyde was added, and trans epoxyketone 42 was isolated in 
87% yield and >95% de. 18 
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Recently, Darzens reaction was investigated for its synthetic applicability to the 
condensation of substituted cyclohexanes and optically active oc-chloroesters (derived 
from (-)-phenylmenfhol). In this report, it was found that reaction between chloroester 44 
and cyclohexanone 43 provided an 84% yield with 78:22 selectivity for the axial glycidic 
ester 45 over equatorial glycidic ester 46 both having the R configuration at the epoxide 
stereocenter. 19 
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Of interest is a recent report of a rapid synthesis of efaroxin (51), a potent, 
selective o^-adrenoceptor antagonist, using Darzens Reaction. Accordingly, a- 
bromoester 48 was condensed with aldehyde 47. The glycidic ester (49) was then 
hydrogenated to reduce the more labile epoxide bond to give alcohol 50. Subsequent 
standard transformations subsequently lead to a completed 4-step synthesis of efaroxin. 20 
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1.2.6 Experimental 21 
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A dry 500-ml round-bottomed three-necked flask fitted with a stirrer, internal 
thermometer, and a pressure-equalized dropping funnel is placed under nitrogen and the 
flask is charged with 0.148 mole of freshly distilled cyclohexanone and 0.148 mole of 
freshly distilled ethyl chloroacetate. A solution of 6.0 g of potassium and 125 mL of dry 
tert-butyl alcohol is introduced into the dropping funnel, and the system is exhausted and 
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filled with nitrogen. The flask is cooled with an ice bath, stirring is commenced, and the 
solution of potassium tert-butoxide is added from the dropping funnel over a period of 
about 1.5 hours, the temperature of the reaction mixture being maintained at 10-15°C. 
After the addition is complete, the mixture is stirred for an additional 1-1.5 h at about 
10°C. Most of the tert-butyl alcohol is removed by distillation from the reaction flask at 
reduced pressure (water aspirator). The oily residue is taken up in ether. The ether 
solution is washed with water, then with saturated aqueous sodium chloride solution, and 
is finally dried over anhydrous sodium sulfate. The residue obtained on evaporation of 
the ether is distilled through a 6-in. Vigreux column to give 83-95% yield of colorless 
glycidic ester. 21a 
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1.3 Hoch-Campbell Aziridine Synthesis 

1.3.1 Description 

The Hoch-Campbell aziridine synthesis entails treatment of ketoximes with excess 
Grignard reagents and subsequent hydrolysis of the organometallic complex. 1-11 
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1.3.2 Historical Perspective 

In 1934, French chemist Hoch reported that the action of phenylmagnesium bromide on 
the oxime of propiophenone (3) at elevated temperature gave two products. 5-7 One was 
aziridine 4 and the other was erroneously assigned as hydroxylamine 5. In the 
subsequent years (1939 onward), Campbell at the University of Notre Dame determined 



that the purported hydroxylamine 5 was actually P-hydroxylamine 6. The scope of 
the Grignard reagents was extended to both aryl and aliphatic Grignard reagents. 
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1.3.3 Mechanism 

The mechanism of the Hoch-Campbell aziridine synthesis was a contentious issue for 
quite some time. The incorporation of a double bond into an already highly strained 
three-membered ring was initially mistakenly thought to preclude the very existence of 
the 1-azirine system. However, it was established that when ketoximes were treated with 
Grignard reagents, a rearrangement took place that involved the migration of the nitrogen 
atom from one carbon to another. 8 At the early stage of the Hoch-Campbell aziridine 
synthesis, the general mode may be reminiscent of the Neber reaction mechanism. 12 In 
1963, Eguchi and Ishii carried out a series of experiments that supported a plausible 
mechanism that involving an azirine intermediate. 13 In the 1970s, the Laurent group 
made great strides in deciphering the mechanism of the Hoch-Campbell reaction. 14-17 
Their results are summarized herein. 

When ketoxime 1 is treated with the Grignard reagent, the first action is 
abstraction of the oxime proton to give 7, which complexes with another equivalent of 
Grignard reagent to form 8. Intramolecular deprotonation of 8 then gives rise to di-anion 
9, which extrudes OMgX anion to establish vinyl nitrene 10. Cyclization of vinyl nitrene 
10 delivers the key intermediate azirine 11. Addition of another equivalent of Grignard 
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reagent to azirine 11 subsequently affords aziridine magnesium halide 9, which upon 
acidic workup gives rise to aziridine 2. 
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The aforementioned mechanism is supported by the following experimental data. 
When oxime 13 was treated with Grignard reagent, 3% of the indole 15 was isolated, 



indicating the possible existence of nitrene intermediate 14. A 2-phenylazirine 
intermediate, on the other hand, has been isolated and characterized from the reaction 
under carefully controlled conditions (adding Grignard reagent to the oxime in toluene). 17 
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1.3.4 Variations and Improvements 

An "intramolecular trapping" variant of the Hoch-Campbell aziridine synthesis was 
reported by Taguchi et a/. 18-21 When 2-(l-p-chlorophenylcyclohexyl)cyclohexanone (16) 
was treated with phenylmagnesium bromide, the resulting azirine 17 did not undergo the 
usual intermolecular nucleophilic attack of the second equivalent of phenylmagnesium 
bromide. Instead, due to the proximity of the benzene ring as a potential nucleophile, the 
intramolecular ring closure of the intermediate was overwhelmingly favored as compared 
to the normal Hoch-Campbell reaction, resulting in predominantly the 1- 
benzobicyclononenone 19. Hydrolysis of iminylmagnesium bromide 19 then gave imine 
20, which was subsequently hydrolyzed to ketone 21 under acidic conditions. 
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The second variation and improvement involves the use of N-NR3 + moiety, 



which in some cases gave better yields than the corresponding ketoxime analogs. 
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The third variation of the Hoch-Campbell reaction is the replacement of the 



Grignard reagents with LiAltL*. Evidently, the R would be hydride in this case. The 
mechanism is strikingly similar to that of the Hoch-Campbell reaction except the azirine 
is attacked by hydride rather than the Grignard reagent. 
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1.3.5 Synthetic Utility 
1.3.5.1 Simple ketoximes 

Oxime 26 was prepared from 5,ll-dihydro-dibenzo[a,d]cyclohepten-10-one. The Hoch- 
Campbell reaction of 26 with 3-dimethylaminopropylmagnesium bromide produced 



26 



aziridine 27 in 46% yield after acidic workup. Extension of the Hoch-Campbell 



reaction to steroids has also been reported. Thus, treatment of 3|3-hydroxy-5-pregnen- 
20-one oxime (28) with methylmagnesium iodide furnished a mixture of diastereomers, 
20a/20(3,21-imino-20-methyl-5-pregnen-33-ol (29) in a 50% combined yield and a 3:1 
ratio. On the other hand, homo-adamantan-4-one oxime (30) was transformed to homo- 
adamantano[4,5-b]-2'-ethylaziridine (31) in 76% yield upon the action of 
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28 



ethylmagnesium bromide. However, the reactions of methylmagnesium iodide and 
phenylmagnesium bromide gave the corresponding aziridines in only 21% and 22% 
yield, respectively. 
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Secondary aziridines bearing a trifluoromethyl group were prepared via the 
Hoch-Campbell reaction of Grignard reagents and oximes bearing a trifluoromethyl 
substituent. 29 One exception was found for the use of allylmagnesium bromide, which 
gave homoallylic hydroxylamines. 30 Another exception was found for ethylmagnesium 
bromide where it served exclusively as a reducing agent. 29 Initial reaction of oxime 32 
with ethylmagnesium bromide gave azirine 33. However, the course of reaction was 
deviated from the normal Hoch-Campbell reaction since single electron transfer (SET) 
took place and led to radical anion 34, which was converted to the reduced aziridine 35 
upon workup. 
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When both a-positions of the oxime possess active hydrogen, the regiochemistry 
of the Hoch-Campbell reaction prefers the side with more available hydrogens — 
indicating the process is kinetically controlled. 31 In case of oxime 36, azirine 37 was not 
formed. 32 Instead, azirine 38 was obtained exclusively. Addition of the third equivalent 
of the Grignard reagent delivered aziridine 39 as a mixture of two diastereomers. 
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1.3.5.2 a-Hydroxy and a-keto ketoximes 

The Hoch-Campbell reaction of a-hydroxy ketoximes do not alter the course of the 
reaction although deprotonation probably took place concurrently for both the alcohol 
and the oxime. Treatment of oxime 40 afforded aziridine 42 in 30%, presumably via the 
intermediacy of azirine 41. 33 oc-Keto ketoximes would behave similarly to the a-hydroxy 
ketoximes in the Hoch-Campbell reaction after addition of the first equivalent of the 
Grignard reagent to the ketone. 34 ' 35 Therefore, the reaction between a-keto ketoxime 43 
and phenylmagnesium bromide gave aziridine 45 in 41% yield, presumably via the 
intermediacy of azirine 44. 
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1.3.6 Experimental 

EtMgBr 




NOH re f' ux ' tolVether, 76% 




30 

Homo-adamantano[4,5-b]-2'-ethylaziridine (3 1) 28 

To a stirred solution of ethylmagnesium bromide (6.0 mmol) in ether (5 mL) and toluene 
(5 mL) was added homo-adamantan-4-one oxime (30, 2.0 mmol) in toluene (10 mL) at 
100-105°C. The mixture was kept at the same temperature for 3 h. The cooled mixture 
was poured onto an ice-ammonium chloride mixture and the organic layer was separated 
and the water layer was extracted with ether (2 x 10 mL). The combined organic layer 
and extracts were dried (Na2SO,t). Removal of the solvent under reduced pressure at 
40°C gave crude product which was purified on a silica gel column eluting with 
CHaC^-MeOH to afford homo-adarnantano[4,5-b]-2'-ethylaziridine (31) in 76% yield. 
The aziridine had a foul odor peculiar to aziridines. mp = 74-75°C. 
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1.4 Jacobsen-Katsuki Epoxidation 

1.4.1 Description 

The Jacobsen-Katsuki epoxidation reaction is an efficient and highly selective method 
for the preparation of a wide variety of structurally and electronically diverse chiral 
epoxides from olefins. 1 The reaction involves the use of a catalytic amount of a chiral 
Mn(III)salen complex 1 (salen refers to ligands composed of the N,N'- 
ethylenebis(salicylideneaminato) core), a stoichiometric amount of a terminal oxidant, 
and the substrate olefin 2 in the appropriate solvent (Scheme 1.4.1). The reaction 
protocol is straightforward and does not require any special handling techniques. 



Scheme 1.4.1 
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To date, a wide variety of structurally different chiral Mn(III)salen complexes 
have been prepared, of which only a handful have emerged as synthetically useful 
catalysts. By far the most widely used Mn(III)salen catalyst is the commercially 
available Jacobsen catalyst wherein R= -C4H.8- and R 1 = R 2 = f-Bu (Scheme 1.4. 1). 2 In 
contrast, a wide variety of terminal oxidants have been successfully employed. 
Depending on the terminal oxidant, epoxidation reactions can be performed from -78°C 
to room temperature. A broad range of olefins undergo epoxidation with good 
enantioselectivity including terminal, cw-disubstituted, frans-disubstituted, tri- 
substituted, and tetra-substituted olefins. However, except for a few isolated examples, 
the olefin must be conjugated to an aromatic group, an alkyne, or an alkene in order to 
obtain good stereoinduction. Additives such as pyridine N-oxides have been shown to 
exhibit a profound and often beneficial effect on enantioselectivities, cisltrans 
selectivities in the epoxidation of disubstituted olefins, and catalyst lifetime. 



1.4.2 Historical Perspective 

In 1990, Jacobsen and subsequently Katsuki independently communicated that chiral 
Mn(III)salen complexes are effective catalysts for the enantioselective epoxidation of 
unfunctionalized olefins. 3 For the first time, high enantioselectivities were attainable for 
the epoxidation of unfunctionalized olefins using a readily available and inexpensive 
chiral catalyst. In addition, the reaction was one of the first transition metal-catalyzed 
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tranformations that possessed a broad substrate scope and provided epoxidation products 
in high ee without requiring pre-coordination of the substrate to the active catalyst. 

Jacobsen and Katsuki continued independently to develop and improve the 
epoxidation reaction by expanding the substrate scope, increasing catalyst efficiency, and 
developing a better understanding of the mechanism of reaction. Catalyst design was an 
integral part of the development of the epoxidation reaction, and was possible only 
because the Mn(III)salen catalyst can be readily prepared. 4,5 The synthesis of the catalyst 
can be accomplished in two steps from a salicylaldehyde 4 and a chiral diamine 5 
(Scheme 1.4.2). The short modular synthesis of the catalyst provided the opportunity for 
systematically studying the effect of steric and electronic properties of the various 
substituents on the salen ligand 6 on enantioselectivity. This attribute rendered the 
identification of a highly selective and general catalyst practicable. The most commonly 
used catalyst, the Jacobsen catalyst, is produced on kilogram scale and has been 
employed on multi-kilogram scale in the pharmaceutical industry. 6 



Scheme 1.4.2 
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1.4.3 Mechanism 

The most widely accepted mechanism of reaction is shown in the catalytic cycle (Scheme 
1.4.3). The overall reaction can be broken down into three elementary steps: the 
oxidation step (Step A), the first C-O bond forming step (Step B), and the second C-O 
bond forming step (Step C). Step A is the rate-determining step; kinetic studies show that 
the reaction is first order in both catalyst and oxidant, and zero order in olefin. 7 The rate 
of reaction is directly affected by choice of oxidant, catalyst loadings, and the presence of 
additives such as iV-oxides. Under certain conditions, AT-oxides have been shown to 
increase the rate of reaction by acting as phase transfer catalysts. 8 
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Scheme 1.4.3 
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A variety of oxidants have been shown to be effective in generating the putative 
Mn(V)salen oxo species 8 including sodium hypochlorite, periodates, peracids, 
peroxides, persulfates, elemental oxygen, and iodosylarenes to name a few. A 
comparison study of various oxidants in the epoxidation of cis-P-methyl styrene in the 
presence of added AT-oxide routinely gave the product epoxide with the same sense and 
degree of enantioselectivity. In contrast, variable enantioselectivities were observed with 
different oxidants in the absence of Jv*-oxides. These results suggest that a common and 
discrete Mn(V)oxo salen 8 intermediate is preferentially generated in the presence of 
added JV-oxide regardless of terminal oxidant. 9 In the absence of added TV-oxide, a low ee 
pathway perhaps involving either a catalytically active Mn(IV)peroxo-type salen 
complex 10 or a discrete Mn(IV)oxo salen complex 11 may be operative (Scheme 
1.4.4). 10 



Scheme 1.4.4 
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While generation of a Mn(V)oxo salen intermediate 8 as the active chiral oxidant 
is widely accepted, how the subsequent C-C bond forming events occur is the subject of 
some debate. The observation of trans-epoxide products from cz's-olefins, as well as the 
observation that conjugated olefins work best support a stepwise intermediate in which a 
conjugated radical or cation intermediate is generated. The radical intermediate 9 is most 
favored based on better Hammett correlations obtained with o~ vs. a + . n In addition, it 
was recently demonstrated that ring opening of vinyl cyclopropane substrates produced 
products that can only be derived from radical intermediates and not cationic 
intermediates. 12 

A concerted [2 + 2] cycloaddition pathway in which an oxametallocycle 
intermediate is generated upon reaction of the substrate olefin with the Mn(V)oxo salen 
complex 8 has also been proposed (Scheme 1.4.5). 13 Indeed, early computational 
calculations coupled with initial results from radical clock experiments supported the 
notion. 14 More recently, however, experimental and computational evidence dismissing 
the oxametallocycle as a viable intermediate have emerged. 15 In addition, epoxidation of 
highly substituted olefins in the presence of an axial ligand would require a seven- 
coordinate Mn(salen) intermediate, which, in turn, would incur severe steric 
interactions. 16 The presence of an oxametallocycle intermediate would also require an 
extra bond breaking and bond making step to rationalize the observation of trans- 
epoxides from cis-olefins (Scheme 1.4.5). 



Scheme 1.4.5 
Ph R 




The second C-C bond forming step (step C), while occurring after the first 
irreversible ee determining step (step B), can affect the observed enantioselective 
outcome of the reaction. 17 If the radical intermediate collapses without rotation (k 3 » kt, 
ks » ke), then the observed ee would be determined by the first C-C bond forming step 
(ki vs. k2), that is the facial selectivity (Scheme 1.4.6). However, if rotation is allowed 
followed by collapse, then the rate of both trans pathways (k4 and k6) will proportionally 
effect the observed ee of the cis epoxide (k 3 vs. ks). Should bond rotation be permissible, 
the diastereomeric nature of the radical intermediates 9a and 9b renders the distinct 
possibility of different observed ee's for trans-epoxides and ris-epoxides. 
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Scheme 1.4.6 
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1.4.4 Variations and Improvements 
1.4.4.1 Catalyst structure and design 

While the Jacobsen catalyst is the most widely used catalyst, a number of other catalysts 
have been developed through the years that exhibit superior catalyst performance for a 
given substrate and/or substrate class. 18 The five most prominent catalysts developed to 
date are shown below, 12-16. Note that these catalysts all are composed of salen ligands 
containing electron donating groups. Electron donating groups are thought to stabilize 
the putative Mn(V)oxo salen complex 8, thus allowing for a less reactive, more selective 
catalyst. 19 In addition, the most successful catalysts contain bulky groups at the 3,3' and 
5,5' position of the salen ring, thus forcing the approach of the olefin near the 
dissymmetric bridge. 
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1.4.4.2 Additives 

One of the most significant developmental advances in the Jacobsen-Katsuki epoxidation 
reaction was the discovery that certain additives can have a profound and often beneficial 
effect on the reaction. Katsuki first discovered that iV-oxides were particularly beneficial 
additives. 20 Since then it has become clear that the addition of iV-oxides such as 4- 
phenylpyridine-N-oxide (4-PPNO) often increases catalyst turnovers, improves 
enantioselectivity, diastereoselectivity, and epoxides yields. 21 Other additives that have 
been found to be especially beneficial under certain conditions are imidazole and 
cinchona alkaloid derived salts {vide infra). 



1.4.4.3 Terminal oxidants 

Given that the rate determining step is oxidation of the Mn(III)salen complex by the 
terminal oxidant, it is not surprising that choice of terminal oxidant can have a profound 
effect on reaction rates and even enantioselectivity. The choice of oxidant can dictate the 
temperature at which the reaction can be run, which, in turn, can greatly affect selectivity. 
In addition, the choice of oxidant will determine if the reaction is homogeneous or 
heterogenous, and whether the reaction is anhydrous or not. A wide variety of terminal 
oxidants are now available, including sodium hypochlorite, periodates, peracids, 
peroxides, persulfates, periodates, elemental oxygen, and iodosylbenzenes, to name a 
few. 
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1.4.5 Synthetic Utility 

1.4.5.1 Epoxidation of terminal olefins 

Based on the mechanism of the Jacobsen-Katsuki epoxidation reaction, the trans- 
pathway would reduce the observed ee's in the epoxidation of terminal olefins. Thus, in 
order to obtain epoxides with good enantioselectivity, high facial selectivity in the first 
C-0 bond-forming event and high cisltrans selectivity in the second C-0 bond-forming 
event must be obtained. In 1994, a low-temperature (-78°C) epoxidation protocol was 
developed by Jacobsen which resulted in increased enantioselectivity for a variety of 
olefins. 22 The reaction protocol involved using the combination of m-CPBA/NMO as 
terminal oxidant and additive. Most notably, terminal olefins were epoxidized with good 
enantioselectivities. 23 Deuterium labeling studies showed that the higher 
enantioselectivities observed in the epoxidation of terminal olefins were a result of a 
combination of better facial selectivity and higher cisltrans selectivity. 
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1.4.5.2 Epoxidation ofcis-disubstituted olefins 

Table 1.4.1. Epoxidation of m-Olefins to give cw-Epoxides. 
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cis/trans Reference 
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NA 
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15 
11 

24b 
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"Conditions: (a) 1-5 mol% catalyst, m-CPBA/NMO, -78°C, CH 2 C1 2 . (b) 1-5 mol% 
catalyst, NaOCl, 4-phenylpyridine N-oxide, 0°C, CH 2 C1 2 . (c) 1-5 mol% catalyst, NaOCl, 
pyridine N-oxide, 0°C, CH 2 C1 2 . (d) Solvent = diethyl ether 
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Initial studies on the Jacobsen-Katsuki epoxidation reaction identified conjugated 
cyclic and acyclic cw-disubstituted olefins as the class of olefins best suited for the 
epoxidation reaction. 24 Indeed a large variety of cis-di substituted olefins have been 
found to undergo epoxidation with a high degree of enantioselectivity. 2,2'- 
Dimethylchromene derivatives are especially good substrates for the epoxidation 
reaction. Table 1 .4. 1 lists a variety of examples with their corresponding reference. 

Historically, the epoxidation of ?rans-olefins typically affords rrans-epoxides with 
low enantioselectivity. In 1991, Jacobsen reported that rrans-epoxides can be obtained 
from epoxidation of conjugated dienes and enynes containing a ds-olefin (Table 1 .4.2). 25 
Further studies by Jacobsen led to the discovery that addition of cinchona alkaloid- 
derived salts such as 21 coupled with the use of chlorobenzene as solvent resulted in the 
formation of the /raws-diastereomer in high ee as the major epoxidation product from the 
epoxidation of cz's-olefins. 26 Although it is still unclear as to the exact mechanism by 
which the cinchona alkaloid-derived salts favor the formation of frans-epoxides, clearly, 
these salts somehow extend the lifetime of the radical intermediate thus allowing for free 
rotation to occur. 

Table 1.4.2. Epoxidation of cw-olefins to give ?ra?«-epoxides 
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1.4,5.3 Epoxidation oftrans-disubstituted olefins 

Although trans epoxides can be obtained via epoxidation of acyclic ds-conjugated 
olefins under specified conditions, a direct method based on the epoxidation of trans- 
olefins would be valuable. The Katsuki group recently identified catalyst 15 as an 
efficient catalyst for the direct epoxidation of frans-olefins. Crucial to the success of the 
catalyst is the inherent adoption of a deeply folded conformation coupled with the use of 
chlorobenzene as solvent. While only a limited number of substrates have been 
examined to date using catalyst 15, the results are very promising. For example, trans-$- 
methyl styrene is epoxidized in 91% ee, trans-$-n-butyl styrene in 95% ee, and trans- 
stilbene in 87% ee. 
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1.4.5.4 Epoxidation of 1,1-disubstituted olefins 

To date, no efficient and general Mn(ffl)salen-catalyst exists that effects epoxidation of 
1,1-disubstituted olefins with good enantioselectivity. 

1.4.5.5 Epoxidation oftri-substituted and tetra-substituted olefins 

During the early development of the Jacobsen-Katsuki epoxidation reaction, it was clear 
that rraws-disubstituted olefins were very poor substrates (slow reaction rates, low 
enantioselectivity) compared to ds-disubstituted olefins. The side-on approach model 
originally proposed by Groves for porphyrin epoxidation systems was used to rationalize 
the differences observed in the epoxidation of the cis and frans-disubstituted classes 
(Scheme 1.4.7). 27 

Scheme 1.4.7 
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This model predicts that tri -substituted and tetra-substituted olefins would also be 
poor substrates. Thus it was not until 1994 that a study in the epoxidation of higher 
substituted olefins appeared. Indeed Jacobsen revealed that tri-substituted olefins, 28 and 
even tetra-substituted olefins can be excellent substrates. 29,30 A new model was put forth 
that encompasses a skewed side-on approach of tri-substituted olefins to the Mn-oxo 
complex. The observation that certain tetrasubstituted olefins undergo epoxidation with 
good enantioselectivity suggests that further studies are needed in order to fully 
understand the transition state geometry of the catalyst and substrate. 
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The Jacobsen-Katsuki epoxidation reaction has found wide synthetic utility in both 
academia and industrial settings. As described previously, the majority of olefin classes, 
when conjugated, undergo Mn(salen)-catalyzed epoxidation in good enantioselectivity. 
In this section, more specific synthetic utilities are presented. 

Table 1.4.3. Epoxidation of tri- and tetra-substituted olefins. 



Rf r 2 Mn(lll)salen catalyst, additive^ r 1 / \ R 2 



R 4 



NaOCI, Solvent 



/* *\ 
R 3 R4 



Entry 



Substrate Catalyst Solvent Yield (%) Ee (%) Reference 



Ph 



12 



MTBE 



69 



93 



28 



2 


Ph 
Ph -^Ph 


12 


CH2CI2 


97 


92 


28 


3 


Me 
Et 


12 


CH 2 C1 2 


91 


95 


28 


4 

5 


u Me 

CO 


16 
14 


CH2CI2 
CH 3 CN 


81 

41 


97 
96 


29 
30 


6 


1 

Me 
Ph 


12 


CH 2 C1 2 


90 


90 


29 



1.4.5.6 Preparation of a-hydroxy ketones and esters 

Scheme 1.4.8 
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The first asymmetric Mn(salen)-catalyzed epoxidation of silyl enol ethers was 
carried out by Reddy and Thornton in 1992. Results from the epoxidation of various silyl 
enol ethers gave the corresponding keto-alcohols in up to 62% ee? x Subsequently, 
Adam 32 ' 33 and Katsuki 34 independently optimized the protocol for these substrates 
yielding products in excellent enantioselectivity. 



1.4.5.7 Kinetic resolution 

1,2-Dihydronaphthalene is often used as a model olefin in the study of epoxidation 
catalysts, and very often gives product epoxides in unusually high ee's. In 1994, 
Jacobsen discovered in his study on the epoxidation of 1,2-dihydronaphthalene that the ee 
of the epoxide increases at the expense of the minor enantiomeric epoxide. Further 
investigation led to the finding that certain epoxides, especially cyclic aromatically 
conjugated epoxides, undergo kinetic resolution via benzylic hydroxy lation up to a k re i of 
28 (Scheme 1.4.9). 
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The first application of the Jacobsen-Katsuki epoxidation reaction to kinetic 
resolution of prochiral olefins was nicely displayed in the total synthesis of (+)- 
teretifolione B by Jacobsen in 1995. 36 
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1.4.5.8 Jacobsen-Katsuki epoxidation reaction in total synthesis 

Scheme 1.4.11 
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The Jacobsen-Katsuki epoxidation reaction has been widely used for the preparation of a 
variety of structurally diverse complex molecules by both academia and the 
pharmaceutical industry. Summarized below are a few examples. 

2,2-Dimethylchromene derivatives typically undergo epoxidation with excellent 
enantioselectivity (Scheme 1.4.11). The ring-opened product epoxides are potent 
pharmaceutical pharmacophores. BRL55834 (40) is a selective potassium channel 
activator and is comprised of a 2,2-dimethylchromanol-type structure. 37 Epoxidation of 
the 2,2-dimethylchromene starting material with catalyst 12 in the presence of catalytic 
amounts of an N-oxide additive gave the product epoxide in 94% ee and 75% yield. 
Regioselective ring opening of the chiral epoxide gave BRL55834 (40) in 81% yield. 
The anti-hypertensive agent cromoakalim has also been prepared in a similar fashion. 

The asymmetric epoxidation of electron-poor cinnamate ester derivatives was 
highlighted by Jacobsen in the synthesis of the Taxol side-chain. Asymmetric 
epoxidation of ethyl cinnamate provided the desired epoxide in 96% ee and in 56% yield. 
Epoxide ring opening with ammonia followed by saponification and protection provided 
the Taxol side-chain 46 (Scheme 1.4.12). 

ds-2-Aminoindan-l-ol is a structural motif incorporated in various types of 
ligands for metal catalysis 6 and also comprises the right-hand portion of the HIV protease 
inhibitor Crixivan® (50). 39 Indene was epoxidized by catalyst 12 in 84-86% ee. The 
product epoxide was then ring-opened via Ritter reaction to provide cw-2-aminoindan-l- 
ol, which was then used in the eventual preparation of Crixivan (50). 
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Scheme 1.4.12 
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Scheme 1.4.13 
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CDP840 is a selective inhibitor of the PDE-IV isoenzyme and interest in the 
compound arises from its potential application as an antiasthmatic agent. Chemists at 
Merck & Co. used the asymmetric epoxidation reaction to set the stereochemistry of the 
carbon framework and subsequently removed the newly established C-O bonds. 40 
Epoxidation of the trisubstituted olefin 51 provided the desired epoxide in 89% ee and in 
58% yield. Reduction of both C-O bonds was then accomplished to provide CDP840. 



Scheme 1.4.14 
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Boger et al. prepared Duocarmycin SA via asymmetric epoxidation of a cyclic 
olefin 54. 41 The stereochemistry set by the epoxidation step was used for subsequent 
C-C bond forming reactions. Epoxidation of olefin 54 was carried at -78°C to provide 
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the desired product in 92% ee and in 70% yield. Reduction of the benzylic C-0 bond 
followed by partial reduction of the middle phenyl ring and a transannular spirocylization 
provided the activated cyclopropane which was carried on to Duocarmycin SA. 
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(2R, 3fl)-Ethyl-3-phenylglycidate (45). 

To a solution of ds-ethyl cinnamate (44, 352 mg, 85% pure, 1.70 mmol) and 4- 
phenylpyridine-iV-oxide (85.5 mg, 29 mol%) in 1,2-dichloromethane (4.0 mL) was added 
catalyst 12 (38.0 mg, 3.5 mol%). The resulting brown solution was cooled to 4°C and 
then combined with 4.0 mL (8.9 mmol) of pre-cooled bleach solution. The two-phase 
mixture was stirred for 12 h at 4°C. The reaction mixture was diluted with methyl-/-butyl 
ether (40 mL) and the organic phase separated, washed with water (2 x 40 mL), brine (40 
mL), and then dried over Na 2 S0 4 . The drying agent was removed by filtration the 
mother liquors concentrated under reduce pressure. The resulting residue was purified by 
flash chromatography (silica gel, pet ether/ether = 87:13 v/v) to afford a fraction enriched 
in cis-epoxide (45, cis/trans: 96:4, 215 mg) and a fraction enriched in frans-epoxide 
(cis/trans: 13:87, 54 mg). The combined yield of pure epoxides was 83%. ee of the cis- 
epoxide was determined to be 92% and the frans-epoxide to be 65%. 
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1.5 Paterno-Biichi Reaction 

1.5.1 Description 

The Paterno-Biichi reaction 1-4 is the photo-catalyzed electrocyclization of a carbonyl 1 
with an alkene 2 to form polysubstituted oxetane ring systems 3. 



R R 1 R 2/ R 3 H R 'i \ R P 

1 2 3 



3 



7.5.2 Historical Perspective 

In 1909, Paterno and Chieffi 5 noted that mixtures of tri- or tetra-substituted olefins and 
aldehydes formed trimethylene oxides when exposed to sunlight. Biichi later repeated 
Paterno' s experiments by irradiating 2-methyl-2-butene in the presence of benzaldehyde, 
butyraldehyde, or acetophenone and rigorously purifying and identifying the resulting 
products. The reaction thus bears the name of its two primary pioneers and has come to 
represent any photo-catalyzed [2 + 2] electrocyclization of a carbonyl and an alkene. 

1.5.3 Mechanism 

The mechanism of the Paterno-Biichi reaction is not well understood, and while a 
general pathway has been proposed and widely accepted, it is apparent that it does not 
represent the full scope of reactions. Biichi originally proposed that the reaction occurred 
by light catalyzed stimulation of the carbonyl moiety 1 into an excited singlet state 4. 
Inter-system crossing then led to a triplet state diradical 5 which could be quenched by 
olefinic radical acceptors. Intermediate diradical 6 has been quenched or trapped by 
other radical acceptors and is generally felt to be on the reaction path of the large 
majority of Paterno-Biichi reactions. Diradical 6 then recombines to form product 
oxetane 3. 

R A R1 _ R A R1 ~ ^ _ r^ V R ^V 

1 4 5 6 3 



Si 



T 



The stability of diradical 6 is often cited as the rationalization for the 
regiochemistry and relative stereochemistry of the Paterno-Biichi reaction. This "most 
stable diradical" theory explains the formation of the sterically disfavored 2,3-substituted 
oxetanes. Quenching of the triplet diradical occurs in such a fashion as to generate the 
more stable alkyl radical pair and can be predicted using typical rules for radical 
stabilization. Consideration of the configuration of diradical 6 is the most powerful tool 
in predicting product distribution and can give a qualitative estimation of products ratios. 
Generation of 2,3-substituted oxetanes is the major utility of the Paterno-Biichi reaction 
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and it should be noted that this substitution pattern is opposite that of thermal or acid 
activated [2 + 2] electrocyclizations. 



•d .JPr 

O lPr X. r.„H„ 0- 



hv 

II + 1| ^ » Jl 

Ph Ph k SMe 73% Ph p,f^SMe 

7 8 9 

(E/Z = 6/1) 

Relative stereochemistry is also dictated by diradical stability but is highly subject 
to substituent effects. In the case of open chain alkenes, stereochemical information 
regarding the E-/Z-substitution is lost. In his work with vinyl sulfides, Smith 7 isolated 
solely trans oxetane 9 regardless of the E/Z constitution of sulfide 8. The conformation 
of diradical 6 dominates the selectivity and the result is the more stable 3,4-trans 
substituted oxetanes. Five- and six-membered cyclic alkenes react exclusively to 
generate the cis products while larger rings react as the acyclic alkenes do. 8 There are 
some examples of stereospecific Paterno-Buchi reactions in which the stereochemistry of 
the acyclic alkenes is retained, 3 particularly if the alkene concentration is very high. 
These reactions are generally believed to spring from singlet state carbonyls with the high 
alkene concentration serving to accelerate the coupling rate above that of intersystem 
crossing. The relative stereochemistry of the 2,3-substituents is controlled by the 
electronic requirements of radical recombination. Griesbeck 9 has demonstrated and 
rationalized the preference for endo-selectivity for Paterno-Buchi couplings with 2,3- 
dihydrofuran 11 with aryl and alkyl aldehydes resulting in the substitution pattern in 12. 
He noted that selectivity ranged from 1:1 (non-existent) to greater than 98:2 depending 
on the cycloalkene used. Other studies 10,11 with acyclic alkenes have demonstrated a 
preference for the corresponding cis geometry. The selectivity is reversed for conjugated 
alkenes such as 1,3-dienes, styrene, and furan 14 which prefer the thermodynamically 
more stable 2,3-trans (exo) oxetanes such as 15. 

X + f> hv . to 

10 11 12 

x + f > - JP / 



^17^8 H 



13 14 15 

It is evident from the exceptions noted that the mechanism proposed above does 
not fully capture the pathways open to the Paterno-Buchi reaction. A great deal of effort 
has been devoted to deconvoluting all of the possible variants of the reaction. Reactions 
via singlet state carbonyls, charge-transfer paths, pre-singlet exciplexes, and full electron 
transfer paths have all been proposed. 3 Unfortunately, their influence on product 
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distribution is not understood and as such represent mechanistic oddities rather than the 
rule. 

1.5.4 Variations and Improvements 

Improvements of the Paterno-Biichi reaction have primarily focused on expanding the 
scope of substrates and developing asymmetric variants to control stereochemistry. The 
Patemo-Btichi reaction is extremely permissive of substitution on the carbonyl coupling 
partner, although radical stabilizing groups are preferred for obvious reasons. Alkyl-, 
alkynyl-, and aryl-ketones as well as glyoxylates have been used successfully. The 
majority of Paterno-Biichi reactions use aldehydes or ketones as coupling partners, but 
the reaction is not limited to just these carbonyls; Cantrell 12 and Miyamoto 13 
demonstrated that arene carboxylic acid esters 20 are suitable substrates. 

A variety of alkenes can serve as radical quenching partners. Because of the wide 
scope of acceptable alkene partners, relatively complex alkenes can be used successfully. 
Mono-, di-, tri-, and even tetra-substituted alkenes will undergo Paterno-Biichi reactions. 
Heteroatom substituted alkenes include enol ethers, silyl enol ethers, enol acetates, acyl 
and alkyl enamines, and alkenyl sulfides. 7 ' 14 ' 15 The alkenyl sulfides are particularly 
interesting as the reactions proceed considerably faster than equivalent enol ethers. 
Cyclic alkenes are often used, particularly furan because of its synthetically useful exo 
face selectivity (vide supra) and the convenient functional handles it provides for 
subsequent reactions. 16 Araki 1718 has even used glucals as coupling partners. Allenes 
such as 16 19 and dienes 20 will also undergo Paterno-Biichi reactions, albeit with low 
chemoselectivity. There are also reports of alkynes as radical coupling partners to form 
oxetenes 21, although these species are usually unstable and degrade quickly. 21 
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The most valuable characteristic of the Paterno-Biichi reaction is the ability to set 
multiple stereocenters in one reaction and the development of diastereocontrolled 
reactions has been a major theme of research concerning this reaction. Stereocontrol can 
be envisioned to spring from either the carbonyl or the alkene and be controlled by either 
the substrate directly or by a chiral auxiliary. Little success has been achieved in 
substrate-induced selection by the carbonyl; the most successful results were produced by 
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Zamojski and Jarosz 22 using cyclic ketone 23 with furan that generated a 75:25 ratio of 
diastereomers 24 and 25. 

? rV 




1 ) hv (furan) 

2) TsOH (Et 2 0) 




X = OH, Y= 3-furyl 24 
X = 3-furyl, Y = OH 25 

24:25 = 75:25 



Despite failures in carbonyl substrate-induced selection, auxiliary-induced 
selection showed good results. Scharf and coworkers 23 performed a systematic study to 
show that phenylglyoxylates coupled to 8-phenylmenfhol 26 gave excellent control of 
subsequent Paterno-Biichi reactions. With the 8-phenylmenthol moiety blocking the Si- 
face of the glyoxylate and the heterocyclic alkene 27 strongly preferring endo-addition, 
only diastereomer 28 was isolated. The chiral auxiliary could then be recovered in good 
yield by reduction of the oxetane-substituted ester. 



Me~-y o 
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hv 



27 



C 6 H 6 
99% 




*ROOC" 

Ph* H 
28 



X 



Ironically, auxiliary-induced control via the alkene failed to generate synthetically 
useful selectivities, but direct substrate-induced control did. In particular, chiral silyl 
enol ethers with stereocenters in the y-position allowed the synthesis of enantiomerically 
pure oxetanes. Bach 24 noted that 1,3-allylic strain in molecules such as 29 locked the 
conformation as shown and caused approaching diradicals to prefer attack opposite R L 
with varying selectivities. Depending on the relative steric bulk of R and R L , 
diastereoselectivity ranging from 61:39 to 95:5 was achieved. It should be noted that 
chiral groups appended to the a-carbon failed to impart selectivity. 







OTMS 



1.5.5 Synthetic Utility 

The oxetane functional unit is a rare but occurring group in natural products and appears 
both as end products as well as synthetic intermediates. 3 ' 4 Paterno-Biichi reactions can 
be used to insert oxetanes directly into biologically active compounds, as in the example 



below by Just. The novel nucleotide oxetanocin 35 is synthesized using a 
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Paterno-Biichi reaction between 2-methylfuran 31 and an a-hydroxyaldehyde 30 to form 
the core oxetane. Two of the three stereocenters set in the electrocyclization appear in 
the final product while the third is selectively reversed with anomeric assistance. 
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Given the relatively rare appearance of oxetanes in natural products, the more 
powerful functionality of the Paterno-Biichi reaction is the ability to set the relative 
stereochemistry of multiple centers by cracking or otherwise derivitizing the oxetane 
ring. Schreiber noted that Paterno-Biichi reactions of furans with aldehydes followed by 
acidic hydrolysis generated product 37, tantamount to a threo selective Aldol reaction. 26 
This process is referred to as "photochemical Aldolization". Schreiber uses this 
selectivity to establish the absolute stereochemistry of the fused tetrahydrofuran core 44 
of the natural product asteltoxin. 27 
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1.5.6 Experimental 
(l(R,S),5(R,S))-6(R,S)-n-Octyl-2,7-dioxabicyclo[3.2.0]hept-3-ene(47). 26 

Nonyl aldehyde (32.66 g, 0.23 mol) and furan (200 mL, 187.2 g, 2.75 mol) were mixed in 
a 250-mL photolysis flask equipped with a quartz immersion well containing a Vycor 
filter and a 450-W Hanovia Lamp. The system was kept at -20° C with an isopropyl 
alcohol bath cooled by a Cryocool Immersion Cooler (CC100). Nitrogen was bubbled 
throughout the duration of the reaction, and the solution was stirred vigorously. 
Additional furan (150 mL, 140.4 g, 2.06 mol) was added during the course of the 
reaction. TLC analysis indicated completion of the reaction after 20 h. After evaporation 
of excess furan 13 C and ] H NMR analysis of the resultant oil (48.70 g, ca. 100%) 
indicated the desired photoadduct had been formed, without contamination from 
unreacted nonyl aldehyde. 
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1.6 Sharpless-Katsuki Epoxidation 

1.6.1 Description 

The Sharpless-Katsuki asymmetric epoxidation reaction (most commonly referred by the 
discovering scientists as the AE reaction) is an efficient and highly selective method for 
the preparation of a wide variety of chiral epoxy alcohols. 1 The AE reaction is comprised 
of four key components: the substrate allylic alcohol, the titanium isopropoxide pre- 
catalyst, the chiral ligand diethyl tartrate, and the terminal oxidant tert-butyl 
hydroperoxide. The reaction protocol is straightforward and does not require any special 
handling techniques. The only requirement is that the reacting olefin contains an allylic 
alcohol. 



Scheme 1.6.1 
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The AE reaction has emerged as one of the most utilized asymmetric 
transformations in organic synthesis because of its many appealing attributes. First, the 
starting allylic alcohols are either commercially available or are easily prepared. Second, 
the generality of the reaction is substantial given the fact that almost any substitution 
pattern on the allylic alcohol is permissible, and that a wide variety of functional groups 
are tolerated. Third, the catalyst, ligand, and oxidant are cheap and readily available. 
Fourth, the product epoxides are valuable chiral building blocks that can be easily 
elaborated into more complex molecules. And lastly, the stereochemical outcome of the 
product epoxide can be predicted with almost complete certainty based on the pneumonic 
diagram shown in Scheme 1.6.1. These attributes have made the AE reaction one of the 
most widely utilized asymmetric catalytic transformations to date. 



1.6.2 Historical Perspective 

In 1980, Katsuki and Sharpless communicated that the epoxidation of a variety of allylic 
alcohols was achieved in exceptionally high enantioselectivity with a catalyst derived 
from titanium(IV) isopropoxide and chiral diethyl tartrate. 2 This seminal contribution 
described an asymmetric catalytic system that not only provided the product epoxide in 
remarkable enantioselectivity, but showed the immediate generality of the reaction by 
examining 5 of the 8 possible substitution patterns of allylic alcohols; all of which were 
epoxidized in >90% ee. Shortly thereafter, Sharpless and others began to illustrate the 



Chapter 1. Epoxides and Aziridines 



51 



broad scope of the reaction and subsequently demonstrated its wide utility in organic 
synthesis. Indeed, the AE reaction has emerged as one of the most widely utilized 
asymmetric transformations. In addition to the asymmetric epoxidation of prochiral 
allylic alcohols, the reaction protocol has been successfully applied to the kinetic 
resolution of secondary allylic alcohols 3 and the desymmetrization of meso-bis allylic 
alcohols. 4 The importance of the discovery and development of this remarkable reaction, 
along with other asymmetric catalytic reactions, was recognized in part by the 
presentation of the 2002 Nobel prize in chemistry to K. B. Sharpless, R. Noyori, and J. 
Knowles. 

1.6.3 Mechanism 

Elucidating the mechanism of the AE reaction has been the focus of much effort given 
the importance of the AE reaction in synthetic organic chemistry. Fundamental 
questions that need to be addressed include the following: what is the rate law/rate 
determining step, what is the structure of the active catalyst complex, and what are the 
underlying factors that impart such high enantioselectivity? Answers to all of these 
questions have been largely addressed through careful experimental 6 and computational 
studies. 7 



Scheme 1.6.2 
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Sharpless et al. have shown that a dynamic process exists between various 
relevant titanium species during the AE reaction via rapid alkoxide exchange. 8 First, 
complexation of the bidentate tartrate ligand occurs rapidly with Ti(i-OPr) 4 with 
concomitant release of 2 equivalents cf iPrOH. Subsequent ligand substitution of another 
i-OPr alkoxide with TBHP produces the Ti(0-iPr)(TBHP)(tartrate) complex. Likewise, 
ligand substitution of an O-i'-Pr alkoxide with the allylic alcohol (AA) produces the Ti(0- 
i-Pr)(AA)(tartrate). Final substitution of either complex with AA or TBHP respectively 
produces the "loaded" complex Ti(TBHP)(AA)(tartrate). Rate determining 
intramolecular transfer of the peroxide oxygen to the coordinated allylic alcohol provides 
Ti(0-?-Bu)(EA)(tartrate) where EA is the product epoxy alcohol. Ligand displacement of 
the product epoxy alcohol and tBuOH with another allylic alcohol and TBHP regenerates 
the loaded complex. The ability of alkoxides to rapidly ligand exchange on the titanium 
center allows for the titanium catalyst to effectively catalyze the desired reaction with 
good efficiency. 
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rate = k 



[allylicalcoholj[Ti(0-iPr)2tartrate][T BHP] 
[inhibitor alcohol] 2 



6a 



A great deal of kinetic information on the AE reaction has been obtained. The 
rate of reaction is first order in allylic alcohol, Ti(0-iPr)2(tartrate), and TBHP. In 
addition, the rate is inversely-square dependent on isopropoxide. This reflects the 
required replacement of two isopropoxide ligands on Ti(0-iPr)2(tartrate) with TBHP and 
the allylic alcohol. The rate-determining step is oxygen transfer from the peroxide to the 
olefin. 

Studies in varying the amount of tartrate per titanium have shown that exactly 1 
equivalent of tartrate per titanium is required for good catalytic activity and selectivity 
The active catalyst is proposed to be the dimeric complex Ti2(tartrate)2(0-i-Pr) 4 . 
Sharpless has shown that a protocol using a ratio 1:1.2 equivalents of Ti(0-/-Pr)4 to 
tartrate ligand is optimal for the AE reaction. This ratio maximizes the concentration of 
the more highly active and enantioselective catalyst Ti2(tartrate)2(0-i-Pr) 4 , while 
suppressing the concentration of the less selective and less catalytically active 
Ti2(tartrate)(0-f-Pr)6/Ti(0-f-Pr)4 complexes as well as the catalytically inactive 
Ti2(tartrate)2 complex. 



Scheme 1.6.3 
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Determining the placement and orientation of tartrate ligand, allylic alcohol, and 
TBHP about the Ti -catalyst during the critical oxygen transfer step is crucial to 
understanding why such high enantioselectivities are achieved with a large variety of 
allylic alcohols. Any proposed model must take into effect the absolute stereochemistry 
of the product as predicted by the pneumonic diagram in Scheme 1.6.1, since virtually all 
AE reactions abide by this diagram. Structural evidence supports a dimeric titanium 
tartrate species as the predominant species in solution. 9 NMR shows the tartrate 
carbonyls are equivalent thus suggesting fast equilibrium of the two structurally 
degenerate complexes 1 and 2 (Scheme 1.6.4). Loading of the catalyst with TBHP and 
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allylic alcohol gives the "loaded complex" 3. The structure of the proposed loaded 
complex is based on minimization of stereoelectronic interaction of the TBHP and allylic 
alcohol with the adjacent tartrate ligand and the trajectory required for oxygen transfer of 
the distal oxygen to the olefin. 10 Relative rate studies of electronically diverse olefins 
reveals that the olefin acts as the nucleophile. This model also agrees with the predictive 
outcome as shown by pneumonic diagram in Scheme 1.6.10. It can not be unequivocally 
ruled out that both titanium species are participating in the epoxidation step. A 
mechanism involving zwitterionic titanium species has also been proposed." 



1.6.4 Variations and Improvements 

The AE reaction is general and efficient, thus few substantial improvements have been 
reported. The most significant improvement to the original conditions is the addition of 
activated molecular sieves. 12 The addition of activated molecular sieves allows for 
almost all AE reaction to be performed under catalytic conditions (5-10 mol%). The role 
of the molecular sieves is thought to sequester any adventitious water or water that may 
be generated during the course of the reaction via side reactions. 

The ability to perform the AE reaction under catalytic conditions via the addition 
of molecular sieves has greatly enhanced the synthetic utility of the reaction. For water- 
soluble epoxy alcohols, the catalytic conditions are beneficial for both enantioselectivity 
and isolated yield. In addition, epoxy alcohols that are susceptible to ring opening via 
nucleophilic substitution at the C-3 position also greatly benefit from catalytic conditions, 
since the substitution reaction is known to be promoted by Ti(IV) species. 13 



Table 1.6.1. Epoxidation of 2-methyl-2-propene-l-ol; beneficial effects of catalytic 
reactions and derivatization 



14 



Me' 



AE 



OH 



-J5> 



Derivatization 



'J£« 



Entry 


Catalyst (%) 


Ligand (%) 


R= a 


% yield 


%ee" 


1 


Ti(0-Z-Bu) 4 (100) 


DET (100) 


H 


- 


85 


2 


Ti(0-i-Pr) 4 (27) 


DET (27) 


H 


32 


94 


3 


Ti(0-?-Bu) 4 (7.6) 


DET (10) 


H 


47 


>95 


4 


Ti(0-»-Pr) 4 (5) 


DIPT (6) 


PNB 


78 


92(98) 


5 


Ti(0-i-Pr) 4 (5) 


DIPT (6) 


Tos 


69 


95 


6 


Ti(0-i-Pr) 4 (5) 


DIPT (6) 


Nps 


60 


92 



PNB is p-nitrobenzoate, Tos is tosylate, and Nps is 2-naphthylenesulfonyl. 
b number in parenthesis is the ee after recrystallization. 



In conjunction with the addition of molecular sieves, Sharpless et al. as also 
developed an in situ derivatization of product epoxy alcohols that were previously 
difficult to isolate. 15 The derivatization of the product has been accomplished via 
esterification or sulfonylation of the alcohol functionality. The derivatization is possible 
only under catalytic conditions given the overwhelming presence of isopropoxide from 
stoichiometric amounts of Ti(0-i-Pr) 4 and the presence of the diol ligand diethyl tartrate. 
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Advantages of the in situ generation include ease of isolation and ee upgrades of 
crystalline products. 16 Table 1.6.1 shows the beneficial effect of performing the AE 
reaction under catalytic conditions as well as in situ derivatization. 

A number of reaction variables or parameters have been examined. Catalyst 
solutions should not be prepared and stored since the resting catalyst is not stable to long 
term storage. However, the catalyst solution must be aged prior to the addition of allylic 
alcohol or TBHP. Diethyl tartrate and diisopropyl tartrate are the ligands of choice for 
most allylic alcohols. TBHP and cumene hydroperoxide are the most commonly used 
terminal oxidant and are both extremely effective. Methylene chloride is the solvent of 
choice and Ti(i-OPr>4 is the titanium precatalyst of choice. Titanium (IV) f-butoxide is 
recommended for those reactions in which the product epoxide is particularly sensitive to 
ring opening from alkoxide nucleophiles. 1 

1.6.5 Synthetic Utility 

The AE reaction has been applied to a large number of diverse allylic alcohols. 
Illustration of the synthetic utility of substrates with a primary alcohol is presented by 
substitution pattern on the olefin and will follow the format used in previous reviews by 
Sharpless but with more current examples. Epoxidation of substrates bearing a chiral 
secondary alcohol is presented in the context of a kinetic resolution or a match versus 
mismatch with the chiral ligand. Epoxidation of substrates bearing a tertiary alcohol is 
not presented, as this class of substrate reacts extremely slowly. 

1.6.5.1 Allyl alcohol 

Epoxidation of the simplest allylic alcohol, allyl alcohol 7, is achieved in 88-92% ee with 
yields of 50-60% using diisopropyl tartrate as ligand. 12 In situ derivatization of the 
product glycidol 8 via esterification, sulfonylation, or ring opening with nucleophile is an 
attractive alternative to isolating glycidol. 



Scheme 1.6.4 



l| (-)-DIPT, Ti(Q/-Pr) 4 |> 88-92% ee 

k/ OH TR HP MR \/ C 



TBHP MS ' <^-OH 50-60% yield 



1. 6.5.2 2-Substituted allyl alcohols 

In general, 2-substituted allylic alcohols are epoxidized in good enantioselectivity. Like 
glycidol, however, the product epoxides are susceptible to ring opening via nucleophilic 
attack at the C-3 position. Results of the AE reaction on 2-methyl-2-propene-l-ol 
followed by derivatization of the resulting epoxy alcohol are shown in Table 1.6.1. Other 
examples are shown below. 
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Scheme 1.6.5 
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1.6.5.3 3E-Substituted allyl alcohols 

This class of substrate is one of the most widely used class of substrates for the AE 
reaction. The starting allylic alcohols are readily prepared and are generally epoxidized 
in high enantioselectivity. Epoxide 12 was obtained in high enantioselectivity and 
utilized in the rapid preparation of (S)-Fenfluramine. Epoxide 13 was prepared under the 
standard AE conditions and then oxidized with DDQ to provide the corresponding 4- 
hydroxy-2,3-unsaturated carbonyl. These type of structures are found in numerous 
polyketides, including macrosphelide A. Epoxide 14 was prepared via the AE reaction 
and utilized in the synthesis of (-)-swainsonine. Epoxides 15 and 16 were utilized in the 
synthesis of baikiain and the acyl side chain segment of polyoxypeptin A respectively. 
Finally, epoxide 17 was prepared and subsequently incorporated in the formal synthesis 
of the proteasome inhibitor (+)-lactacystin. 

Scheme 1.6.6 
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1.6.5.4 3Z-Substituted allyl alcohols 

This class of substrate is the only real problematic substrate for the AE reaction. The 
enantioselectivity of the AE reaction with this class of substrate is often variable. In 
addition, rates of the catalytic reactions are often sluggish, thus requiring stoichiometric 
loadings of Ti/tartrate. Some representative product epoxides from AE reaction of 3Z- 
substituted allyl alcohols are shown below. 
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Scheme 1.6.7 
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1.6.5.5 2, 3E-Disubstituted allyl alcohols 

As with 3£-substituted allyl alcohols, 2,lE'-substituted allyl alcohols are epoxidized in 
excellent enantioselectivity. Examples of AE reactions of this class of substrate are 
shown below. Epoxide 23 was utilized to prepare chiral allene oxides, which were ring 
opened with TBAF to provide chiral a-fluoroketones. Epoxide 24 was used to prepare 
5,8-disubstituted indolizidines and epoxide 25 was utilized in the formal synthesis of 
macrosphelide A. Epoxide 26 represents an AE reaction on the very electron deficient 2- 
cyanoallylic alcohols and epoxide 27 was an intermediate in the total synthesis of (+)- 
varantmycin. 



Scheme 1.6.8 
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1. 6.5. 6 2,3Z-Disubstituted allyl alcohols 

There are only limited examples of AE reactions on 2,3Z-substituted allyl alcohols. This 
may be due in part to the difficulty involved in selectively preparing the starting allylic 
alcohol. 
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Although the limited examples of AE reactions on 2,3Z-substituted allyl alcohols 
appear to give product epoxides in good enantioselectivity, the highly substituted nature 
of these olefins can have a deleterious effect on the reactivity. For example, Aiai has 
shown that the 2,3E-substituted allyl alcohol 30 can be epoxidized with either (-)-DET or 
(+)-DET in good yields and enantioselectivity. However, the configurational isomer 32 
is completely unreactive using (-)-DET, even after a 34 h reaction time. 

Scheme 1.6.10 
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1.6.5.7 3,3-Disubstituted allyl alcohols 

The 3,3-disubstituted allyl alcohols generally undergo the AE reaction with good 
enantioselectivity. Epoxide 33 was prepared by the AE reaction on an enyne and 
subsequently elaborated to the core unit of the non-nucleoside reverse transcriptase 
inhibitor taurospongin A. The highly functionalized epoxide 34 was prepared in good 
enantioselectivity and yield using (+)-DET as ligand. Interestingly, epoxidation of the 
isomeric substrate in which the methyl group is E to the alcohol with (-)-DET gave the 
diastereomeric product 35 in only 31% ee and in 11% yield. Not surprisingly, the 
reaction was relatively sluggish. Epoxide 36 was obtained in a 9:1 diastereomeric ratio 
under standard AE conditions and was utilized in the synthesis of e«?-nakamural A. 
Epoxide 37 was prepared and trapped in situ as the trityl ether. Crystallization of the 
trityl ether increased the ee to >99%. Epoxide 38 was prepared and utilized in the 
synthesis of the tricyclic core of Phomactin A. 
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Scheme 1.6.11 
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1.6.5.8 2,3,3-Trisubstituted allyl alcohols 

The AE reactions on 2,5,3-trisubstituted allyl alcohols have received little attention, due 
in part the limited utility of the product epoxides. Selective ring opening of 
tetrasubstituted epoxides are difficult to achieve. Epoxide 39 was prepared using 
stoichiometric AE conditions and were subsequently elaborated to Darvon alcohol. 
Epoxides 40 and 41 were both prepared in good selectivity and subsequently utilized in 
the preparation of (-)-cuparene and the polyfunctoinal carotenoid peridinin, respectively. 
Scheme 1.6.12 
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1.6.5.9 Kinetic resolution ofchiral allylic alcohols 

Given the universal predictive value of the pneumonic diagram in Scheme 1.6.1 coupled 
with the high enantioselectivity observed with a wide variety of allylic alcohols, it is not 
surprising that the AE reaction is sensitive to preexisting chirality on the allylic alcohol 
substrate. Indeed, allylic secondary alcohols can undergo effective kinetic resolution to 
provide enantiomerically enriched allylic secondary alcohols and diastereomerically 
enriched product epoxides. 43 The relative rates (k re i) of each enantiomer of the starting 
allylic alcohol with a given enantiomer of tartrate ligand can be significantly different. 
Thus using 0.6 equiv of TBHP, and carrying out the reaction to 55 ± 5% conversion, 
chiral secondary allylic alcohols can be obtained in excellent enantioselectivity and in 
moderate yield. 44 If the epoxy alcohol is desired, then 0.45 equivalents of TBHP is often 



Chapter 1. Epoxides and Aziridines 



59 



used. Shown below are a number of racemic allylic alcohols with their relative rates of 
each enantiomer. 4 



Scheme 1.6.13 
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The application of the AE reaction to kinetic resolution of racemic allylic alcohols 
has been extensively used for the preparation of enantiomerically enriched alcohols and 
allyl epoxides. Allylic alcohol 48 was obtained via kinetic resolution of the racemic 
secondary alcohol and utilized in the synthesis of rhozoxin D. Epoxy alcohol 49 was 
obtained via kinetic resolution of the enantioenriched secondary allylic alcohol (93% ee). 
The product epoxy alcohol was a key intermediate in the synthesis of (-)-mitralactonine. 
Allylic alcohol 50 was prepared via kinetic resolution of the secondary alcohol and the 
product utilized in the synthesis of (+)-manoalide. The mono-tosylated 3-butene-l,2-diol 
is a useful C4 building block and was obtained in 45% yield and in 95% ee via kinetic 
resolution of the racemic starting material. 



Scheme 1.6.14 
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1.6.5.10: Unique synthetic applications 

Sharpless and Masumune have applied the AE reaction on chiral allylic alcohols to 
prepare all 8 of the L-hexoses. 50 AE reaction on allylic alcohol 52 provides the epoxy 
alcohol 53 in 92% yield and in >95% ee. Base catalyze Payne rearrangement followed by 
ring opening with phenyl thiolate provides diol 54. Protection of the diol is followed by 
oxidation of the sulfide to the sulfoxide via m-CPBA, Pummerer rearrangement to give 
the gem-acetoxy sulfide intermediate and finally reduction using Dibal to yield the 
desired aldehyde 56. Horner-Emmons olefination followed by reduction sets up the 
second substrate for the AE reaction. The AE reaction on optically active 57 is reagent 
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controlled. This four-step reiterative two-carbon extension cycle was used to prepare all 8 
L-hexoses. 



Scheme 1.6.15 
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Desymmetrization of meso-bis-allylic alcohols is an effective method for the 
preparation of chiral functionalized intermediates from meso-substrates. Schreiber et al 
has shown that di vinyl carbonyl 58 is epoxidized in good enantioselectivity. 51 However, 
because the product epoxy alcohols 59 and 60 also contain a reactive allylic alcohol that 
are diastereomeric in nature, a second epoxidation would occur at different rates and thus 
affect the observed ee for the first AE reaction and the overall de. Indeed, the major 
diastereomeric product epoxide 59 resulting from the first AE is less reactive in the 
second epoxidation. Thus, high de is easily obtainable since the second epoxidation 
removes the minor diastereomer. 

Scheme 1.6.16 
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1.6.6 Experimental 12 



Ti(0-/Pr) 4 , (+)-DET 



f-BuOOH, CH 2 CI 2 63 

62 -2° ° c crude: 88% yield, 92.3 % ee 

recrystallization: 73% yield, > 98% ee 

An oven dried 1-L three-necked round-bottomed flask equipped with a magnetic stir bar, 
pressure equalizing addition funnel, thermometer, nitrogen inlet and bubbler was charged 
with 3.0 g of 4A powdered, activated molecular sieves and 350 mL of dry CH2CI2. The 
flask was cooled to -20°C. L-(+)-Diethyl tartrate (1.24 g, 6.0 mmol) and Ti(0-i-Pr) 4 
(1.49 mL, 1.42 g, 5.00 mmol, via syringe) were added sequentially with stirring. The 
reaction mixture was stirred at -20°C as TBHP (39 mL, 200 mmol, 5.17 M in isooctane) 
was added through the addition funnel at a moderate rate (over 5 min). The resulting 
mixture was stirred at -20°C for 30 min. (E)-2-octenol (62, 12.82 g, 100 mmol) 
dissolved in 50 mL of CH2CI2 was then added drop wise through the same addition 
funnel over a period of 20 min while maintaining the temperature at -15 to -20°C. The 
mixture was stirred for an additional 3.5 h at -15 to -20°C. The reaction was allowed to 
warm to room temperature and poured into a beaker containing ferrous sulfate 
heptahydrate (33 g, 120 mmol), citric acid monohydrate (11 g, 60 mmol) and 100 mL of 
deionized water. The two-phase mixture was stirred for 10 min and separated. The 
aqueous phase was extracted with two 30 mL portions of ether. The combined organic 
layers were treated with 10 mL of precooled (0°C) solution of 30% NaOH (w/v) in 
saturate brine and stirred for 1 h at 0°C. To this was added 50 mL of water and the 
aqueous phase extracted with 2 x 50 mL of ether. The combined organic layers were 
dried over sodium sulfate, filtered and concentrated. Crude product yield was 88% with a 
92.3% ee. Two crystallizations in petroleum ether affords the product 63 in > 98% ee 
and in 73% isolated yield. 
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1.7 Wenker Aziridine Synthesis 

1.7.1 Description 

The Wenker aziridine synthesis entails the treatment of a P-amino alcohol 1 with sulfuric 
acid to give P-aminoethyl sulfate ester 2 which is subsequently treated with base to afford 
aziridine 3. 1 Before the discovery of the Mitsunobu reaction, which transforms an amino 
alcohol into an aziridine in one step under very mild conditions, the Wenker reaction was 
one of the most convenient methods for aziridine synthesis. However, due to the 
involvement of strong acid and then strong base, its utility has been limited to substrates 
without labile functionalities. 




A related aziridine synthesis is the Gabriel reaction (a.k.a. Gabriel-Cromwell 
reaction), 2,3 which involves an intramolecular Sn2 reaction of a P-amino halide. 
However, the reaction has become so common that the name Gabriel is not tightly related 
to the transformation. 



X /\^NH 2 



base 



X = CI, Br, I 



H 

N 

LA 



1.7.2 Historical Perspective 

In 1935, Wenker 4 first prepared P-aminoethyl sulfate ester (4, a solid) from thermal 
dehydration of monoethanolamine acid sulfate at 250°C according to Gabriel's 
procedure. 4 Subsequently, the mixture of 4 and 40% NaOH aqueous solution was 
distilled. Further fractional distillation of the distillate in the presence of KOH and then 
Na at 55-56°C led to pure aziridine in 26.5% yield. 
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A, 71% 
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1.7.3 Mechanism 

The mechanism for the Wenker aziridine synthesis is very straightforward. As depicted 
by conversion 2— >3, the transformation is a simple case of intramolecular Sn2 
displacement process, in which the sulfate ester is the leaving group. 

HaN \ + A 4 NaOH HNK R 5 4 intramolecular N 

r2 r3^oso 3 ^030-3 s N 2 R R 3 R 5 



2' 



3 



1.7.4 Variations and Improvements 

Due to the convenience of the Wenker aziridine formation from P-aminoethyl sulfate 
ester (4) and base, many improvements ensued. Leighton et al. improved the yield of the 
first step for the formation of sulfate ester 4. 5 First of all, both ethanolamine and 95% 
sulfuric acid were diluted with half of their weight of water and then slowly mixed 
together at 0°C. Finally, by keeping the temperature below 145°C, sulfate ester 4 was 
obtained in 90-95% yield. 

Another improvement of the Wenker reaction was utilization of flash distillation, 
which boosted the yield of 5 to 83% based on 4. 6 In addition, a procedure involving the 
use of an aqueous reaction medium and the generation of the aziridine in solution was 
developed, which obviates the isolation and handling of anhydrous aziridine. 7 

Mesylates and tosylates may be used as variants of the O-sulfate ester. For 
instance, 55% of aziridine 7 was obtained from base-mediated cyclization of amino 
mesylate 6. 8 In comparison, the classic Wenker protocol only gave 3% of 7. In another 
instance, 9 N-tosyl amino alcohol 8 was tosylated to give 9, which was transformed to 
aziridine 10 in 64% yield, along with 29% of the (3-elimination product due to the 
presence of the ester moiety. Likewise, aziridine 12 was assembled from tosylate 11 in 



two steps and 60% yield. 10 
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Ph Ph 

1 . TFA, CH 2 CI 2 [ 

TolSOoCT X Y° v Bn " IV / V' "Bn 

2 =. H ft 2. Et 3 N, CH 2 CI 2 HN° ft 

Boc" NH ° 60% ° 

11 12 

1.7.5 Synthetic Utility 

As described in Section 1.7.1, the utility of the Wenker reaction is limited to substrates 
without labile functionalities because of the involvement of strong acid and then strong 
base. The Fanta group prepared a variety of aziridines by taking advantage of the 
Wenker reaction. 1W4 For example, 6-aza-bicyclo[3.1.0]hexane (14) was produced from 
the ring-closure of (±)-fran.j-2-aminocyclopentanol hydrochloride (13). In a similar 
fashion, sulfate ester 16 was prepared from JV-methyl dl-trans-3-ammo-4- 
hydroxytetrahydrofuran (15). Subsequent treatment of sulfate ester 16 with NaOH then 
delivered aziridine 17. 14 Additional examples of Wenker aziridine synthesis may also be 
found in references 15-17. 



pj -^ 1.H 2 S0 4 , H 2 





H NHjcT 2coldNaOH N 

H " 3 ol 61% H 

13 14 

H H 2 

a N \ H 2 S0 4 ,H 2 /^/N^ NaOH,H 2 ~^ 

OH 98 - 2% ^SQa" 61% ^ 

15 16 17 

Due to the abundance of epoxides, they are ideal precursors for the preparation of 
P-amino alcohols. In one case, ring-opening of 2-methyl-oxirane (18) with methylamine 
resulted in l-methylamino-propan-2-ol (19), which was transformed to' 1,2-dimethyl- 
aziridine (20) in 30-35% yield using the Wenker protocol. 18 Interestingly, l-amino-3- 
buten-2-ol sulfate ester (23) was prepared from l-amino-3-buten-2-ol (22, a product of 
ammonia ring-opening of vinyl epoxide 21) and chlorosulfonic acid. Treatment of 
sulfate ester 23 with NaOH then led to aziridine 24. 19 
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1.7.6 Experimental 




NH, 1 - H ' S °" H -° , » « 




OH 2. KOH, H 2 
86% 
25 26 

(S)-2-Benzyl-aziridine (26) 17 

A cold mixture of sulfuric acid (98%, 4 g), and water (4 mL) was added to an amino- 
alcohol 25 (40 mmol) in water (2.4 mL) at 0-5°C. The mixture was heated to 120°C and 
then water was carefully distilled off in vacuo. The solid sulfate residue was treated with 
6.2 M potassium hydroxide, and steam-distilled. The distillate was saturated with 
potassium hydroxide pellets and the upper organic layer, which separated, was 
fractionally distilled from potassium hydroxide through a short column to give a colorless 
oil aziridine 26 in 96% yield. 

In addition, an Organic Synthesis procedure of preparing aziridine from (3-amino 
alcohol exists. 20 
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2.1 Barton-Zard Reaction 

2.1.1 Description 

The Barton-Zard reaction refers to the base-induced reaction of nitroalkenes 1 with alkyl 
a-isocyanoacetates 2 to afford pyrroles 3. 1 ' 2 Solvents used are THF or alcohols (or 
mixtures) and the reaction often proceeds at room temperature. 




R, = H, alkyl, aryl 

R 2 = H, alkyl 

R 3 = Me, Et, J-Bu 

Base = KOf-Bu, DBU, guanidine bases 

The Barton-Zard (BZ) pyrrole synthesis is similar both to the van Leusen pyrrole 
synthesis that uses Michael acceptors and TosMIC 3 (Section 6.7) and the Montforts 
pyrrole synthesis using a,|3-unsaturated sulfones and alkyl a-isocyanoacetates. 4 An 
alternative to the use of the reactive nitroalkenes 1 is their in situ generation from |3- 
acetoxy nitroalkanes, which are readily prepared via the Henry reaction between an 
aldehyde and a nitroalkane followed by acetylation. Examples are shown later. 



2.1.2 Historical Perspective 
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In 1985, in the course of their interest in nitroalkane chemistry, Barton and Zard reported 
the base-catalyzed reaction of nitroalkenes with a-isocyanoacetates leading to pyrrole 
esters having an ideal substitution pattern for the synthesis of porphyrins and bile 
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pigments. Indeed, this particular theme has been the most important application of the 
BZ reaction in synthesis. Two examples are shown. 1 

2,1.3 Mechanism 

The mechanism is presumed to involve a pathway related to those proposed for other 
base-catalyzed reactions of isocyanoacetates with Michael acceptors. Thus base-induced 
formation of enolate 9 is followed by Michael addition to the nitroalkene and cyclization 
of nitronate 10 to furnish 11 after protonation. Loss of nitrous acid and aromatization 
affords pyrrole ester 12. 
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2.1.4 Variations and Improvements 
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The use of stronger bases than, for example, DBU, such as proazaphosphatrane 13 5 ' 6 or 
phosphazene superbase 14 6 ~ 8 has afforded pyrroles where weaker bases (i.e. DBU) fail or 
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give non-pyrrole products. For example, whereas the reaction of 15 and ethyl 
isocyanoacetate (16) in the presence of 14 gives pyrrole 17, the same reaction with DBU 
as base affords only pyrimidine N-oxide 18. 6 The formation of the latter is frequently 
seen as a side product in the BZ reaction and a mechanism has been proposed. 9 

In some cases, potassium carbonate is superior to DBU and tetramethylguanidine 
(TMG) in the BZ reaction. 10 Thus 7 reacts with TosMIC (19) in the presence of K 2 C0 3 
to afford pyrrole 20 in excellent yield. The yield of 20 using DBU is 62%. 
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Improved syntheses of benzyl isocyanoacetate, 11 p-toluenesulfonylmethyl 
isocyanide (TosMIC), 12 and other isocyanides 13 are available. The BZ reaction has been 
modified to synthesize 2-cyanopyrroles 21 using isocyanoacetonitrile, 14 pyrrole-2- 
phosphonates 22 using isocyanomethylphosphonates, 15 and pyrrole esters 24 using 
imidothiolates 23 in place of isocyanoacetates. 16 This latter modification affords access 
to 5-substituted pyrrole esters, unlike the standard BZ reaction. Depending on the 
nitroalkene precursor, ^/-oxygenated pyrazoles can be obtained. 17 A solid-phase BZ 
reaction has been reported to generate an array of trisubstituted pyrroles. 18 In this study, 
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the polymer supported guanidine base l,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) was 
employed. 



2.1.5 Synthetic Utility 

Ono and Lash have been the two pioneers in applying the BZ reaction to the synthesis of 
pyrroles and, particularly, with applications to the synthesis of novel fused and other 
porphyrins. Although the concept was recognized by Barton and Zard, 1 Ono and Lash 
independently discovered the conversion of 2-pyrrolecarboxylates, prepared by the BZ 
reaction, into porphyrins by what is now a standard protocol (1. LiAlHt; 2. H + ; 3. 



oxidation), although Ono was first to publish; ' for example, 25 to 27. 



.20 
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Ono has employed this strategy for the synthesis of porphyrins with long-chain 



22 



23 j„ i 



alkyl groups, aryl groups, and trifluoromethyl groups, dodecaarylporphyrins, 



19,24 

water-soluble sugar-containing porphyrins, 25 benzoporphyrins, 26 and diporphyrins. 27 The 
BZ method for the synthesis of the requisite pyrrole esters for use in porphyrin 
construction is far superior to the classical Knorr method. 

Lash, who simultaneously with Ono discovered this efficient route to 
porphyrins, 28 has been exceptionally clever in subsequent synthetic applications, with a 
pronounced focus on highly conjugated porphyrins and "geoporphyrins". 29 Thus, the BZ 
reaction and subsequent elaboration of the resulting pyrroles afford tetrahydrobenzo- 
porphyrins, 30 dinaphthoporphyrins, 31 other highly conjugated porphyrins such as 
phenanthroporphyrins, 32 tetraacenaphthoporphyrins, 33 phenanthrolinoporphyrins, 34 and 
fluoroanthoporphyrins, 35 and other porphyrins. 36-40 In their work, both Lash and Ono 
discovered that many nitroarenes react under BZ conditions to give fused 
pyrroles, 8 ' 32-40 ' 41 such as 28 and 29. 8 ' 41 
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Other workers have employed a BZ reaction and subsequent chemistry to 
synthesize porphyrins. 5 ' 7 ' 42-47 Likewise, the BZ reaction has been extended to the 
preparation of cycloalkano-oligopyrroles, 48 novel polypyrroles, 49 bilirubin analogues, ' 
phytochrome analogues, 51 porphobilinogen, 14b and deoxypyrrolodine. 52 In addition to 
providing a powerful route to porphyrins, the BZ reaction offers a versatile synthesis of 



54 , 



simple pyrroles, such as 3-arylpyrroles 30, pyrrole C-nucleosides, 2,3-disubstituted 4 
ethynylpyrroles, 31, 55 benzyl pyrrole-2-carboxylates, 56 other alkyl pyrrole-2- 
carboxylates, 57 3-alkanoylpyrroles, phenylpyrrolylpyrroles, 59 axially dissymmetric 
pyrroles as new catalysts for the enantiomeric addition of dialkylzincs to arylaldehydes, 60 
pyrrolnitrin analogues, 61 and the natural pyrrole pyrrolostatin. 62 
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The often inaccessible and labile isoindoles can be accessed by the BZ reaction, 
as can be heteroisoindoles, 9 ' 64 ' 65 such as 32. 64 Novel pyrroles fused to rigid bicyclic 



skeleta are readily crafted via a BZ reaction. Certain nitroheterocycles undergo the BZ 



reaction, such as 3-nitroquinoline (33), 64 3-nitrobenzothiophene (34), 41 and 3-nitroindole 
35. 67 Interestingly, whereas 35 gives the expected BZ pyrrolo[3,4-2>]indole 36, 3- 
nitroindole 37 affords the "abnormal" BZ pyrrolo[2,3-fc]indole 38, the product of an 
indole ring fragmentation-ring closure sequence, as promoted by the N-phenylsulfonyl 
group. 67 ' 68 Some reactions of nitroheterocycles afford fused pyrimidine N-oxides, such as 
39 to 40. 9 
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2.1.6 Experimental 

The reader is referred to the synthesis of ethyl 3,4-diethylpyrrole-2-carboxylate published 
in Organic Syntheses. 

f -Butyl 3-(p-methoxyphenyl)-4-methylpyrrole-2-carboxylate: ' 

To a solution of nitroolefin 4 (200 mg) and isocyanide 16 (169 mg) in a 1:1 mixture of 
THF and isopropanol (5 mL) was added the guanidine base iV-?-BuTMG (180 mg). The 
resulting solution was heated to 50°C for 3 h, poured into water, and extracted with 
dichloromethane. The organic layer was dried over sodium sulfate and filtered through a 
short column of silica gel (eluent: dichloromethane). Evaporation under vacuum of the 
solvent gave the desired pyrrole as a pale crystalline solid (272 mg, 90%): mp 
142-144°C (from CCl 4 -pentane); IR 3250, 1640 cm" 1 ; ] H NMR (CDC1 3 ) 5 10.0 (1H, 
broad), 7.45 (2H, d, J = 9 Hz), 7.10 (2H d, J = 9 Hz), 6.90 (1H, d, J = 2 Hz), 3.90 (3H, s), 
2.00 (3H, s), 1.40 (9H, s). Anal. Found: C, 70.77; H, 7.49; N, 4.62. Calcd for 
C17H21NO3: C, 71.06; H, 7.37; N, 4.87. 

2-Ethoxycarbonyl-3,4-dimethyI-lH-pyrrole: 50c 

In a 2-1 round-bottomed flask equipped with a magnetic stirrer was charged 16 (148 g, 
1.3 mol) and tetramethylguanidine (300 g, 2.54 mol). The stirrer was started and the 
flask was cooled in ice-water. To the mixture a solution of 3-acetoxy-2-nitrobutane (200 
g, 1.24 mol) in dry THF (200 mL) and isopropanol (200 mL) was added dropwise at 0°C 
over a period of 30 min. The mixture was stirred at rt for 20 h after the addition was 
complete. The resulting mixture was concentrated under vacuum. The oil residue was 
dissolved in dichloromethane (2500 mL) and washed with water (3 x 400 mL), 5% 
aqueous hydrochloric acid (3 x 400 mL), water (400 mL), aqueous saturated sodium 
bicarbonate (400 mL), and brine (400 mL). After drying over anhydrous sodium sulfate 
and removing solvent under vacuum, the residue oil was crystallized from 
dichloromethane-hexane to give the expected product 110 g (53%): mp 92-94°C; *H 
NMR (CDCI3) 8 1.3 (t, 3H, J = 7.2 Hz), 2.0 (s, 3H), 2.3 (s, 3H), 4.3 (q, 2H, J = 7.2 Hz), 
6.7 (d, 1H, J = 2.7 Hz), 8.9 (br s, 1H); 13 C NMR (CDC1 3 ) 5 9.8, 10.2, 14.5, 59.7, 120.5, 
120.9, 121.0, 126.9, 161.7. 

2-Cyano-4-ethyl-3-methylpyrrole: 14a 

In a dry 25 mL single-necked round bottom flask equipped with magnetic stir bar and 
nitrogen inlet was placed Af-formylamino acetonitrile (0.21 g, 3.0 mmol) in dry CH2CI2 (5 
mL) with added triethyl amine (0.75 mL, 5.4 mmol, 1.8 equiv), and then cooled to -25 
°C. Phosphorus oxychloride (0.28 mL, 3.0 mmol) was added via syringe slowly over 2 
min. The mixture was stirred for additional 10 min, the cooling bath was removed and 
the reaction mixture was allowed to warm to rt. The mixture was diluted with CH2CI2 
(20 mL) and poured into 20% Na2CC>3 soln (4 mL). The organic layer was separated and 
washed with 20% Na2C0 3 soln (4 mL), water (5 mL), dried (MgSd), and the solvent 
was removed using a rotary evaporator at low temperature (between 0-5°C). The crude 
isocyanoacetonitrile (0.24 g) was dissolved in THF (4 mL) and cooled to 0°C, and 2- 
acetoxy-3-nitropentane (0.175 g, 1.0 mmol) in THF (3 mL) was added via double ended 
needle followed by DBU (0.53 mL, 3.2 mmol) with syringe. After stirring the mixture 
for 30 min at 0°C, the cooling bath was removed, the mixture was allowed to warm to rt 
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and stirred for 2 h. The resulting orange-red color precipitate was quenched with water 
(3 mL) and extracted with ethyl acetate (3 x 25 mL). The combined organic layer was 
washed with brine (5 mL), dried (MgSC>4), and the solvent was removed via rotary a 
evaporator. The crude compound was purified by silica gel column chromatography 
(20% ethyl acetate in hexane) to afford 0.12 g of the title compound in 90% yield as a 
colorless solid: mp 63-64°C; 'H NMR (CDC1 3 ) 8 1.17 (t, 3H, J = 7.5 Hz), 2.17 (s, 3H), 
2.41 (q, 2H, J = 7.5 Hz), 6.6 (d, 1H, J = 3.3 Hz), 8.49 (br s, 1H); I3 C NMR (CDCfe) 6 9.8, 
14.3, 18.2, 99.4, 115.0, 120.6, 126.5, 130.3; exact mass calc'd for C 8 Hi N 2 : 134.0844; 
found: 134.0842. 
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2.2 Knorr and Paal-Knorr pyrrole syntheses 

2.1.1 Description 

Discovered more than a century ago, the Knorr and Paal-Knorr (PK) pyrrole syntheses 
are similar intermolecular condensations of amines with carbonyl compounds to give 
pyrroles. 



2.2. 1. 1 Knorr pyrrole synthesis 

The Knorr pyrrole synthesis involves the reaction between an a-amino ketone 1 and a 
second carbonyl compound 2, having a reactive oc-methylene group, to give a pyrrole 



3. The amine 1 is often generated in situ by reduction of an oximino group. 




R r R 4 = various alkyl, acyl, aryl groups 

2.2.1.2 Paal-Knorr pyrrole synthesis 

The Paal-Knorr pyrrole synthesis is the condensation of a primary amine 4 (or ammonia) 
with a 1,4-diketone 5 (or 1,4-dialdehyde) to give a pyrrole 6. 1-5 




R r R 3 = H, alkyl, aryl 



2.2.2 Historical Perspective 
2.2.2.1 Knorr pyrrole synthesis 

Knorr discovered that treatment of ethyl a-oximinoacetoacetate (7) and ethyl 
acetoacetate (8) with zinc and acetic acid affords 2,4-dicarboethoxy-3,5-dimethylpyrrole 
(9). 6 Extensive modifications of this reaction over the past 100 years have elevated the 
Knorr pyrrole synthesis to one of exceptional generality and versatility. 
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o o M \ ,co 2 Et 



OEt + '^ OEt H0Ac Et02C ^ N ^ Me 
%H H 

7 8 9 

2.2.2.2 Paal-Knorr pyrrole synthesis 

Paal and Knorr independently discovered the straightforward reaction of primary amines 
(or ammonia) with 1 ,4-diketones to give pyrroles following loss of water. Like the 
Knorr pyrrole synthesis, the PK method is a powerful and widely used method of 
constructing pyrroles (vide infra). 

2.2.3 Mechanism 

2.2.3.1 Knorr pyrrole synthesis 

The mechanism of the original Knorr pyrrole synthesis entails in situ reduction of the 
oxime moiety to an amine, condensation with the second carbonyl compound, and 
cyclization with loss of a second molecule of water to give a pyrrole; for example, 10 + 
11 to 12. 8 Several studies have demonstrated that different pathways and pyrrole 
products obtain depending on the substrates. 1 ' 2 ' 9-12 



O 



O 

co 2 Et + xj^ -*— y° r^ 

HOAc _. JsA 



10 11 



Et0 2 C N 



Y° r^ — >^ -*^ Me >t^ 

Et0 2 C^N"^ " Et0 2 C^^ " H 2° B0 2 C^ N ^Me 

2 H H H 

12 
2.2.3.2 Paal-Knorr pyrrole synthesis 

Despite its apparent simplicity, the PK pyrrole synthesis has retained its mystique since 
being discovered. Several investigations into the PK mechanism have been 
reported, 1 ' 2 ' 13-17 including a gas phase study. 16 Current evidence (intermediate isolation, 
kinetics, isotope effects) suggests the following (abbreviated) mechanism for the 
formation of pyrrole 13. 1? However, the specific PK mechanism is often dependent on 
pH, solvent, and amine and dicarbonyl structure, especially with regard to the ring- 
closing step. 
O O 



MeNH * , ,Ks^S slow, HO-T^OH __ f^ 



MeHN OH .a/^N m„ *" Me-"^ N ^Me 

H 

13 



Me pj Me H 
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2.2.4 Variations and Improvements 
2.2.4.1 Knorr pyrrole synthesis 

The major development in the Knorr pyrrole synthesis has been access to the amine 
component. For example, use of preformed diethyl aminomalonate with 1 ,3-diketones 
affords much higher yields of pyrroles 14. 18 Reaction of 8-dicarbonyl compounds with 
hydroxylamine 0-sulfonic acid gives pyrroles 15 in one step. 19 Weinreb a-aminoamides 
have found use in the Knorr pyrrole synthesis of a wide variety of pyrroles 16. 20 



R 2v/R 3 


Me v-r^R 


R3 R2 


Ri^M^-COaEt 
H 

14 


R Y^ Me 

H 
15 


Me-^^"^ 
H 

16 


Ft! = Me, Et 


R = OEt, OMe, Me 


Rt = H, Me, /-Pr 


R 2 = H, Me, Et, Pr 




R 2 = H, Me, Et, Bu, Ph 


R 3 = Me, Et, Pr 




R 3 = CN, C0 2 Et, Ac, Bz 



A zinc-free alternative to the Knorr pyrrole synthesis employs catalytic 
hydrogenation, as for 17 + 18 to 19. 21 Oximes such as 17 are readily prepared by 
nitrosation (NaNC>2, HO Ac) of the active methylene group. 



QOO Me. A..^ .NEtp 

m H 70 °C, HOAc 

" OH 77% 

17 18 19 







2.2.4.2 Paal -Knorr pyrrole synthesis 

The use of 2,5-dimethoxytetrahydrofuran (20) as a succinaldehyde equivalent has 
expanded the PK synthesis to include unsubstituted pyrroles, for example, 21 ? 2 A novel 
synthesis of monosubstituted succinaldehydes is also available for the PK pyrrole 
synthesis. 23 

MeO-\/-OMe RNH * t0 | uene V 

20 11crc R 

46-100% 21 

R = Me, Bn, Ph, Ar, CH 2 C0 2 Me, Ts, Bz, CO(CH 2 ) 16 CH 3 

Newer catalysts for the PK synthesis include montmorillonite clays, 24,25 
alumina, ' zirconium salts, and titanium reagents. Some pyrroles synthesized from 
2,5-hexanedione and primary amines using montmorillonite KSF clay include 22-26. 25c 
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Me 



N 

i 
R 



Me 




22 R = Bn(95%) 

23 R = Ph (96%) 



24 (83%) 





26 (98%) 



25 (94%) 



Other PK variations include microwave conditions, 29 solid-phase synthesis, 30 
and the fixation of atmospheric nitrogen as the nitrogen source (27— >28). 31 
Hexamethyldisilazane (HMDS) is also an excellent ammonia equivalent in the PK 
synthesis. 32 For example, 2,5-hexanedione and HMDS on alumina gives 2,5- 
dimethylpyrrole in 81% yield at room temperature. Ammonium formate can be used as a 
nitrogen source in the PK synthesis of pyrroles from l,4-diaryl-2-butene-l,4-diones under 
Pd-catalyzed transfer hydrogenation conditions 



33 




N 2 
Li, TiCI 4 , TMSCI 

THF, rt 

86% 



27 




Several novel syntheses of 1,4-dicarbonyls have been recently developed en 



34 



34a 



o o 



route to pyrroles by the PK method, for example, 29 to 30 and 31 to 32/33 

N 2 
29 



I \S m ^ . // \\ 




34c 



Me 



Rh 2 (OAc) 4 BuCr\> Me HOAc.MeOH.rt x n Me 

70-80% R 

30 

R = Bn, Bu, decyl, cyclohexyl 




(NH 4 ) 2 C0 3 , DMF 

jp. 

O (BuNH 2 , MeOH) 






Ph" 


-IK 

N R 
H 




jPL 


65-70% 
(65-85%) 


1 
Bu 






32 


33 






R = Ph, 


4-E 


3r-Ph, Me, H 
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2.2.5 Synthetic Utility 
2.2.5.1 Knorr pyrrole synthesis 

The major application of the Knorr pyrrole synthesis is in the construction of porphyrins, 
and many examples exist, 35,36 particularly from the work of Lash, 35 who also 
demonstrated the formation of novel pyrroles, such as 34. 35h Cyanopyrroles are available 
using a Knorr synthesis, 35-»36, 37 and the method has been adapted to the preparation of 
pyrroles for the analysis of GSA (glutamate-1-semialdehyde) in biological media, to 
pyrroles related to pyrrolnitrin, 39 to novel tricyclic antiinflammatory pyrroles, and to an 
antipsychotic pyrrolo[2,3-g]isoquinoline. 41 



1 
Xx0 2 Bn + r^S 

%HPh 11 



Me Me 
_Zn ^ Bn0 2 C_/LX0 2 Br, 

HN--/ \-NH 
35% 34 



HOAc 
130°C 



T + 

35 



O 



Zn 



aq. HOAc 
80 °C 

26-38% 



Me 



Me 



// W 

V 

H 
36 



CN 



Rt = Me, Et 

R 2 = H, CH 2 CH 2 C0 2 Me 

An important extension of the Knorr pyrrole synthesis developed by Cushman 
utilizes ketone enolates and BOC-protected a-amino aldehydes and ketones. 42 Two 
examples (37, 38) are shown. 



O 



BOC— HN 



Me 



O 



LDA 



THF 
-78 °C to rt 

28% 



Me 



N 
BOC 

37 



Me 



O 



BOC— HN^l^ 



LDA 



THF 
-78 °C to rt 

44% 




Me 

N 
BOC 



38 



2.2.5.2 Paal-Knorr pyrrole synthesis 

The simplicity of the PK pyrrole synthesis often makes it the method of choice. The 
preparation of 2,5-dimethyl-l-phenylpyrrole from 2,5-hexanedione and aniline is an 
undergraduate laboratory experiment, 3 and applications of the PK reaction in research 
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are extensive. Diarylpyrrole 39 was crafted for use in novel crown ethers, and several 
2,3,5-triarylpyrroles, for example, 40, are p38 kinase inhibitors. 45 

O 

NH 4 OH 



WA nw un XJ 



OH HO 



Me 




HC0 2 H 
145 °C, 4h 

55% 



NH4OAC 

HOAc 
110°C 

90% 




40 



Like thiophenes, pyrroles are important 71-components of conducting polymers 
and the PK method was used to synthesize polymer 41 and higher homologues. 4 The 
DNA-interactive precursor bipyrrole 42 was constructed via a PK reaction. 47 




O C0 2 Et 
,Me 



C0 2 Et 



R, = Ph, C0 2 Et 
R 2 = H, Me, Ph 



The pyrrole ring in numerous natural products has been constructed using a PK 
synthesis. Examples include lamellarin L, 48 funebrine, 49 magnolamide, and 
roseophilin. 51 Thus, in the first total synthesis of magnolamide, pyrrole 43 was obtained 



50 



using a titanium(IV) isopropoxide mediated PK synthesis. In the course of one of 
several roseophilin syntheses, pyrrole 44 was prepared. 5 lc 
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FmocHN(CH 2 ) 4 NH 2 

Ti(0-/-Pr) 4 , tol 
reflux, 20 h 

74% 




NHFmoc 



43 




R = APr 



NH 4 OAc 



CSA (cat) 
MeOH, 60 °C 



86% 



TBSO-,, 




HN^ 



44 



The wide applicability of the PK reaction is apparent in the synthesis of 
pyrroles, for example, 45, en route to novel chiral guanidine bases, 52 levuglandin-derived 
pyrrole 46, 53 lipoxygenase inhibitor precursors such as 47, 54 pyrrole-containing 
zirconium complexes, and N-aminopyrroles 48 from 1,4-dicarbonyl compounds and 
hydrazine derivatives. 56 The latter study also utilized YbfOTfb and acetic acid as 
pyrrole-forming catalysts, in addition to pyridiniump-toluenesulfonate (PPTS). 
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R 2 

Ri— i V~ R 3 + H 2 NHNC0 2 R 

N O tol, reflux 



PPTS 



1 1 N 



30-94% 



NHC0 2 R 



Bu 4 NF ^ 

THF 
rt 

62-83% 



Ra. 

Ri N R 3 
NH 2 

48 



Rt = Me, Ph, 2-furyl 
R 2 = H, Ph 
R 3 = H, Me, Ph 
R = CH 2 CH 2 SiMe 3 

A sequence of an ozonolysis-PK reaction has been used to convert 
functionalized cyclohexenes to pyrroles (for example 49 and 50) that are important 
precursors to natural tetrapyrroles, hemes, and porphyrins 

C0 2 Et 



57 



TIPSO 




1 . 3 , MeOH 

2. (NH 4 ) 2 C0 3 

66% 



Me 






• N - ~C0 2 B 
H 

49 




1 . 3 , MeOH 

2. Ac 2 0, Et 3 N 

3. PPTS 

aq. acetone 

4. (NH 4 ) 2 C0 3 
aq. DMF 
120 °C 

27% 



Me 



// \ 



C0 2 Me 



Me 
50 



2.2.6 Experimental 

2.2.6.1 Knorr pyrrole synthesis 

The reader is referred to the synthesis of 2,4-dicarbethoxy-3,5-dimethylpyrrole (9) 
published in Organic Syntheses. 5 * 



DibenzyI4,5-Dihydro-l,8-dimethyl-3H,6//-pyrrolo[3,2-e]indole-2,7-dicarboxylate 

(34): 35h 

In a 500 mL Erlenmeyer flask, 1 ,4-cyclohexanedione (1.12 g) and anhydrous sodium 
acetate (22 g) were dissolved in glacial acetic acid (60 mL), and the mixture was heated 
to 115 °C. Benzyl 2,3-dioxobutanoate-2-phenylhydrazone (5.92 g) was mixed with 20 g 
of zinc dust, and was added slowly to the stirred mixture keeping the temperature 
between 120-130 °C. Once the addition was complete, the solution was stirred at 100 °C 
for 30 min. The solution was cooled to 80 °C and poured into 700 mL of ice water with 
stirring. The residual zinc was washed several times with hot acetic acid and combined 
with the ice water. The precipitate was filtered and recrystallized from ethanol to give 34 
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as off-white crystals (1.48 g, 35%), mp 218-222°; IR (Nujol): 3258, 1652 cm" 1 ; ! H 
NMR (DMSO-de): 5 2.51 (6H, s), 2.75 (4H, s), 5.30 (4H, s), 7.30-7.60 (10H, m), 11.58 
(2H, s). Anal. Calcd for C28H26N2O4: C, 73.99; H, 5.77; N, 6.16. Found: C, 73.71; H, 
5.88; N, 6.06. 

2.2.6.2 Paal-Knorr pyrrole synthesis 

The reader is referred to the simple undergraduate laboratory synthesis of 2,5-dimethyl-l- 
phenylpyrrole in the Journal of Chemical Education. 

2,5-Dimethylpyrrole (13): 32 

Hexane-2,5-dione (342 mg, 3 mmol) was thoroughly mixed with alumina (1 g) before 

HMDS (1 mL, 4.8 mmol) was added, and the mixture was heated at 100-110 °C until the 

hexamethyldisiloxane formed was completely evaporated (about 20 min). Once the 

mixture cooled down to rt, the product was eluted with CH2CI2 and the oil obtained after 

evaporation of the solvent was purified by distillation; yield: 231 mg (81%), bp 68 °C/18 

Torr. 
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2.3 Hofmann-Loffler-Freytag reaction 



2.3.1 Description 

The Hofmann-Loffler-Freytag reaction represents formation of pyrrolidines or 
piperidines by thermal or photochemical decomposition of protonated N-haloamines in 
the presence of strong acid such as sulfuric acid or trifluoroacetic acid. 1 " 3 The Hofmann- 
Loffler-Freytag reaction may also be carried out in milder conditions, for example, 
PhI(OAc)2, I2, hv as shown in section 2.3.4. 




2.3.2 Historical Perspective 

In 1878, Hofmann reported that treatment of D-l-bromo-2-propylpiperidine (3) with hot 
sulfuric acid gave rise to a tertiary amine 4, D-octahydroindolizine. 4,5 In the ensuing 
decade, Loffler and Freytag extended the reaction to simple secondary amines and found 
it to be a general way to synthesize pyrrolidines as exemplified by transformation of N- 
bromo-N-methyl-2-butylaminylpyridine 5 to nicotine (6). 6 ~ 8 The Hofmann-Loffler- 
Freytag reaction is sometimes referred to as Loffler's method, Hofmann-Loffler reaction, 
Loffler-Hofmann reaction, as well as Loffler-Freytag reaction. 




1.H 2 SO 4> 140°C 



2. "OH 






2.3.3 Mechanism 

Wawzonek et al. first investigated the mechanism of the cyclization of N-haloamines and 
correctly proposed the free radical chain reaction pathway that was substantiated by 
experimental data. 9-11 Subsequently, Corey and Herder examined the stereochemistry, 
hydrogen isotope effect, initiation, catalysis, intermediates, and selectivity of hydrogen 
transfer. 12 Their results pointed conclusively to a free radical chain mechanism involving 
intramolecular hydrogen transfer as one of the propagation steps. Accordingly, the 
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mechanism of the Hofmann-Loffler-Freytag reaction can be delineated as follows: 
Treatment of N-chloroamine 7 with acid gives rise to JV-chloroammonium salt 8. The 
free radical chain reaction is initiated by heating 8 or via radiation with UV light to form 
nitrogen radical cation 9, which is characterized as a protonated aminyl radical. An 
intramolecular 1,5-hydrogen atom transfer of 9 then results in intermediate 10, which 
abstracts a chlorine atom from the starting material 7 to afford chloride 11. Upon 
treatment of 11 with a base, Sn2 substitution takes place and fashions pyrrolidine 13 via 
intermediate 12. The Hofmann-Loffler-Freytag reaction has an excellent regioselectivity 
to form 5-membered pyrrolidine. 



CI 
i 



H + 



& CI H 



A 



homolytic 
cleavage 



1 ,5-hydrogen 




-oh rTi s N 2 j^y 

- /C> =NH M 

< CI R 1 R 2 



12 



N 



13 



2.3.4 Variations and Improvements 

The starting material for the Hofmann-Loffler-Freytag reaction could be Af-chloro-, iV- 
bromo-, and N-iodoamines. When the initiation was carried out thermally, the N- 
chloroamines gave better yields for pyrrolidines because N-bromoamines are less stable 
thermally than the corresponding N-chloroamines. 13 In contrary, when the initiation was 
carried out by irradiation, the N-bromoamines gave higher yields for pyrrolidines. 9 As 
illustrated by transformation of 14 to 16, 14 irradiation of N-bromoamide 14 gave rise to 
bromomethyl-cyclohexane-amide 15. Upon treatment of 15 with base in situ then formed 
iminolactone 16 in 92% yield. 



Br 



N- 



^ff 



14 



92% 
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16 



Another variation of the Hofmann-Loffler-Freytag reaction involves 
sulfonamides in place of JV-chloroamines. For instance, in the presence of Na2S20s and 
C11CI2, butylsulfonamide (17) was transformed to 4-chlorobutylsulfonamide (18) and 3- 
chlorobutylsulfonamide (18) in the absence of an acid 



15 



17 



Na 2 S 2 8 , CuCI 2 
H 2 



CI 



x-\^/\/S0 2 NH 2 
18, 65% 




A well-known modification of the Hofmann-Loffler-Freytag reaction is the so- 
called Suarez modification. In 1983, Suarez et al. described a process using neutral 
conditions for the Hofmann-Loffler-Freytag reaction of iV-nitroamides, N-cyanamides or 
N-phosphoramidates. 16-18 For example, in the presence of lead tetraacetate or 
iodobenzene diacetate and iodine, irradiation of a solution of diethyl phosphoramidate 20 
in cyclohexane at reflux with two 100-W tungsten-filament lamps for 2 h led to 
pyrrolidine derivative 21 in quantitative yield. 16 The reaction was carried out under 
neutral conditions thus tolerating even the acetate functionality which would not have 
survived the original strong acid then strong base conditions. Likewise, nitroamine 22 
was converted to pyrrolidine nitroamine 23 17 and primary amide 24 was transformed to 
lactam 25 as a mixture of the protyl and iodo-derivative in a 75% combined yield under 
similar conditions. 



AcO' 




-H-P(0)(OEt) 2 



Phl(OAc) 2 
or Pb(OAc) 4 

l 2 , hv, 99% 



AcO 




20 



N-f-P(0)(OEt) 2 



21 
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AcO 




R = H, 24% 
R = I, 51 % 



The Suarez modification of the Hofmann-Loffler-Freytag reaction was review by 



Togo in 1991. 



19 



2.3.5 Synthetic Utility 

Not surprising, the most prevalent synthetic utility is the assembly of the pyrrolidine ring. 
iV-Chloroamine 27 was obtained by treatment of iV-methyl-2-cyclopentylethylamine (26) 
with JV-chlorosuccinimide. Under classic Hofmann-Loffler-Freytag reaction conditions, 

27 was rearranged either thermally or by UV irradiation in sulfuric acid to bicyclic amine 

28 (l-methyl-octahydro-cyclopenta[fc]pyrrole) in 20% yield. 20 Similarly, oxazolidine 30 
was formed from Af-chloroamine 29 in moderate yield. 21 



/ 



HN 



o> 



26 



NCS 



/ 
CI-NH + 




27 



1.H 2 S0 4> UV 


H N-„ 


2. "OH, 20% 


^-/'h 




28 




cr 

29 



1. H 2 S0 4 in HOAc, UV, 6-8 h 



2. "OH, 22% 



30 



Due to the radical nature of the Hofmann-Loffler-Freytag reaction, a deviation 
was observed when there was a pendant terminal olefin on the substrate. When the 
aminyl radical from iV-chloroamine 31 had a choice between addition to the double bond 
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and 1,5-hydrogen transfer via proton abstraction, the former choice prevailed to afford 1- 
butyl-2-chloromethyl-pyrrolidine (32). 22 



N-CI 



HOAc-H 2 S0 4 , 4 M 



Fe ++ , 55% 






31 



32 



Utilizing the methodology developed by Lavergne's group, 23 Williams et al. 
constructed 13 C-labeled methylproline (36) as a tool to study the biosynthesis of 
paraherquamide. 24 Treatment of [l- 13 C]-L-isoleucine ethyl ester (33) with t- 
butylhypochlorite led to the N-chlorinated derivative 34 which, after exposure to a 
mercury lamp in 85% H2SO4, gave the Hofmann-Loffler-Freytag intermediate 35. Upon 
neutralization, the intermediate suffered spontaneous cyclization to give the desired 
labeled P-methylproline ethyl ester. The whole process gave 36 in 53% total yield after 
treatment of the reaction mixture with di-r-butyl dicarbonate to facilitate the separation. 



NH 2 

33 



f-BuOCI, PhH 
OEt 

O < 5°C, 1 .5 h, 99% 



-orr 



H N hv, (Hg° lamp) 
OEt 



H 2 S0 4 



34 



NH, 



clx ^v^v° Et 
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1 . NaOH, pH = 7 

» 

2. (BOC) 2 0, K 2 C0 3 
H 2 0, dioxane 

53% 
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BOC 
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36 



When formation of either the five- or six-membered ring was possible for N- 
chloroamine 37, only the five-membered ring was conducive under the Hofmann- 
Loffler-Freytag reaction conditions, forming exclusively 6-ethyl-6-aza-bicyclo[3.2.1]- 
octane (38). 25 No 2-ethyl-2-aza-bicyclo[2.2.2]-octane (39) was observed. On the other 
hand, 2-methyl-2-aza-bicyclo[2.2.2]octan-6-one (41) was installed by UV irradiation of a 
solution of JV-chloroamine 40 in TFA. 26 Ironically, when the ketone functionality on 40 
was protected as its ethylene ketal group, the resultant steric interactions completely 
prohibited the classic Hofmann-Loffler-Freytag reaction. 




■v 
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40 



CF 3 C0 2 H 
UV, 15% 



% 



41 



Ingenious utility was found in a synthesis of diaza-2,6-adamantane 44 by taking 
advantage of the Hofmann-Loffler-Freytag reaction. 27 N-Bromoamine 43, prepared 
from 9-methyl-9-aza-bicyclo[3.3.1]nonan-3-one (42) in 2 steps, was dissolved in 84% 
sulfuric acid and heated at 65°C for 30 min to fashion diaza-2,6-adamantane 44 in 25% 
yield. A similar operation rendered Af-chloroamine 45 to a longifolane-based tetracyclic 
■N-methylpyrrolidine 46 although in only 10% yield. 28 Under neutral conditions, 2- 
methyl-4-piperidin-2-ylmethyl-quinolizidine (47) was treated with 7V-chlorosuccinamide 
and the resulting JV-chloroamine was irradiated with 300 W high pressure mercury lamp 
to assemble (±)-dihydrodeoxyepiallocernuine (48) 
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rt, 5 h in N 2 

30% 
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En route to the total synthesis of cinchona alkaloid meroquinene, a Hoffmann-La 
Roche group took advantage of the Hofmann-Loffler-Freytag reaction to functionalize 
the ethyl side chain in piperidine 49 to give chloroethylpiperidine 51 via the intermediacy 
of protonated aminyl radical 50. 30 
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1 . NCS, OEt 2l 92% 

2. TFA, hv, 84% 
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The mechanism of the Hofmann-Loffler-Freytag reaction is analogous to that of 
the Barton nitrite photolysis reaction. Not surprisingly, both reactions have found 
synthetic utilities in the functionalization of steroids in a "remote control" fashion. In 
1962, the Wolff group converted 20cc-methylaminopregn-4-en-3-one (52) to the 
pyrrolidine analog 53 utilizing the Hofmann-Loffler-Freytag reaction. 32 In a similar 
fashion, aminosteroid 54 was transformed to its corresponding pyrrolidine analog 55. 33 




I.NaOCI, 95% 



2. TFA, hv, 87% 

3. NaOH, MeOH, 76% 




53 



1.NCS 

2. TFA, hv 

3. KOH, MeOH 

40% 




54 



55 



In conclusion, the Hofmann-Loffler-Freytag reaction tends to give moderate and 
sometimes poor yields for the preparation pyrrolidines under the classic conditions. 
Nonetheless, the utility of this reaction to functionalize molecules via the aminyl radical 
mechanism plays an unique role in the tool box for the organic chemist, enabling 
transformations not easily achievable using other means. Furthermore, milder conditions 
and better yields can be achieved by taking advantages of the newer developments such 
as the Suarez modification. 
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2.3.6 Experimental 
Perhydro-dipyrido[l,2-a][l',2'-c]-pyrimidine 29b 

NCS, ether, Et 3 N 

r^^Y^ then hv > ( H 9° lam P) 

k^NH N - ^N^N 

I J 0°C,3.5hinN 2 II 

^^ 100% ^^^ 

56 57 

A solution of the starting material 56 (1 g, 5.1 mmol) and A/-chlorosuccinamide (1.34 g, 
10 mmol) in ether (200 mL) was stirred in an ice bath for 5 min, to which mixture was 
added triethylamine (2 g, 20 mmol). The mixture was immediately irradiated with the 
mercury lamp in a current of nitrogen in an ice bath fro 3.5 h. The precipitate was 
filtered off and the solvent and the excess of triethylamine were removed in vacuo to 
leave a residual oil, which was purified by distillation to give 57 as a colorless oil; yield: 
980 mg, ca. 100%. b.p. 140°C/20 torr. 
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3.1 Bartoli Indole Synthesis 

3.1.1 Description 

The reaction of the o-substituted nitrobenzene 1 with 3 moles of the vinyl magnesium 
halide 2 gives the 7-substituted indole 3 as the major product. 




3.1.2 Historical Perspective 

In 1989, Bartoli reported that vinylmagnesium bromide reacted with 2-nitrotoluene (4) at 
-40°C in THF to furnish 7-methylindole (5) in 67% yield. The reaction process also 
proceeded well with other 2-substituted nitrobenzenes. However, the 3- or 4-substituted 
nitrobenzenes provided either no indole products or indoles in poor yield. 1 



1)3eq -^ MgBr, -40°C,THF 





N0 2 2) NH < CI *< 

67% 



3.1.3 Mechanism 

The proposed mechanism of the Bartoli reaction was postulated by Bartoli et al based on 
experimental evidence. 2 Nitrotoluene (4) is attacked at the oxygen atom by the Grignard 
reagent and is reduced to nitrosotoluene (7) via enolate elimination from intermediate 6. 
An inverse 1,2 addition of the second mole of Grignard reagent to the N=0 double bond 
provides the enolate 8. The iV-aryl-O-vinylhydroxylamino magnesium salt 8 undergoes a 
[3,3]-sigmatropic rearrangement and this is followed by a rapid ring closure to form the 
bicyclic intermediate 10. The third mole of Grignard reagent behaves as a base on this 
bicyclic intermediate 10 to rearomatize the six-membered ring to provide 11. 
Elimination of water from 11 ultimately results in formation of the indole 5. 
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t^\ BrMg 

ch 3 o 




OMgBr 



OMgBr 



MgBr 



H + 





.0 



CH 3 MgBr 






3.1.4 Synthetic Utility 

The Bartoli process has been employed effectively in the synthesis of 7-substituted 
indoles including 7-alkoxy (15), 3 7-alkyl (18) 4 , and 7-formal indoles (21). 5 Although the 
yields are only moderate, this process does provide a simple entry into indoles which 
were heretofore difficult to obtain. 




BrMg^^ 



THF, -40' 
57% 



^ fS n 1)Pd(OH) 2 ,H 2 jp*j 

,o c \f^ N ^ 2) BrCH 2 CN, K 2 C0 3 ^^ N ^ 

~. . ,~i. H butanone I u 

Ph 2 HCO H ODO/ NO. £> H 



Ph 2 HCO 
14 



15 




1) PhLi, -78°C 



N0 2 2) Br. 




4^ MgBr 



DME, -40°C 
50% 





/T-C 4 H 9 OH 

N0 2 p-TSA ' 

C 4 H g O' "OC 4 H 9 

20 




1) <^ MgBr /THF, -40°C 

»• 

2) aq HCI/THF 
overall 68% 
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Dobbs then modified the approach to prepare indoles devoid of substituents at 
position 7 by employing a blocking group. Treatment of a range of o- 
bromonitrobenzenes (see 22) under Bartoli conditions with various vinyl Grignard 
reagents (the o-bromine atom is employed to direct the cyclization), followed by 
reductive removal of the bromine substituent provides indoles such as 24. 




=( 



MgCI 



THF, -40°C 
67% 




Bu 3 SnH, AIBN 

toluene, 11 0°C 
94% 




24 



Recently, the Bartoli indole synthesis was extended to solid supports. 7 In contrast 
to the earlier reports in the liquid phase, o,o -unsubstituted nitro analogs (see 25) prove to 
be useful substrates. In addition, fluoro/chloro substituted nitro derivatives are well 
tolerated, which typically undergo nucleophilic substitution under Bartoli conditions in 
the liquid phase. 






^MgBr 



Qf^O 



THF, -40°C to 0°C 



R 
25 

NaOMe, THF 
rt,2h. 




MeO 




26 



R = H, 82% (purity), 15% (overall yield) 
R = F, 80% (purity), 18% (overall yield) 



27 



3.1.5 Experimental 




N0 2 



1)3eq 



~MgBr,-40°C, THF 



2) NH 4 Cl aq 
67% 




Preparation of 7-methyIindole 1 

Vinylmagnesium bromide (15 mmol) was quickly added to a stirred solution (10 
mL/mmol) of 2-nitrotoluene (4) (5 mmol) in THF cooled at -40 C under nitrogen. The 
reaction mixture was stirred for 20 minutes and then poured into a saturated aqueous 
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solution of ammonium chloride. The mixture was then extracted with ether and dried 
over sodium sulfate. After chromatographic purification on silica gel, 7-methylindole (5) 
was obtained in 67% yield. 
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3.2 Batcho-Leimgruber Indole Synthesis 

3.2.1 Description 

The Batcho-Leimgruber indole synthesis involves the condensation of o-nitrotoluene 
derivatives 1 with formamide acetals 2, followed by reduction of the trans-$- 
dimethylamino-2-nitrostyrene 3 which results to furnish indole derivatives represented by 
4. 1 




NO, 



r OR 3 

>-C-OR 3 2 
R 2 H 

». 

DMF, A 



Rtt 




N-R ? 



pd/c - ^ < XI 



3.2.2 Historical Perspective 

In 1971, Batcho and Leimgruber introduced a new method for the synthesis of indoles. 
For example, condensation of o-nitrotoluene (5) with tyN-dimethylformamide dimethyl 
acetal (6) (DMFDMA) was followed by reduction of the frans-|3-dimethylamino-2- 



2,3 



nitrostyrene (7) which resulted to provide the indole (8)/ 

/*V^V NMe 2 




^ 



N0 2 



DMFDMA (6) 
DMF, A 



K^^ 



Pd/C, 



N0 2 



* Cg 



H 



5 



MeO 
6 



\ 



H + 




,NMe P 



[H] 



J 
NH 2 



rr- 



reduction ^^x,.,^ 



12 




11 



^^N^NMe 2 



-NHM& 



l CX3 



13 
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3.2.3 Mechanism 

There are no detailed reports on the mechanism of the Batcho-Leimgruber process. The 
mechanism proposed here is based on similar types of reactions reported in the 
literature. 4 ' 5 

3.2.4 Synthetic Utility 

Several types of substituted formamide acetals have been utilized in the Batcho- 
Leimgruber reaction, including JV.iV-dimethylformamide dimethyl and diethyl acetals, N- 
formylpyrrolidine dimethyl acetal, and JV-formylpiperidine dimethyl acetal. 2-4 Other 
reagents including tris(JV,iV-dimethylamino)methane and Gold's reagent have been 
employed for the condensation as well. 2 ' 6,7 Of these, the readily available N,N- 
dimethylformamide dimethyl acetal (6) (DMFDMA) has found the widest application. 
This condensation is regiospecific as shown which is an important advantage. 



X 6 




3 
14 



N0 2 



DMFDMA (6) 
DMF, A 



14 




NMe, 



Ni 



^ 



J 



16 



X = 6-CI, 89%, 63% 
X = 5-CI, 88%, 78% 
X = 5-F, 92%, 51% 



The condensation reaction can be facilitated by addition of an amine, such as 
pyrrolidine or triethylamine which permits use of a lower temperature. 8 ' 9 Many methods 
have been employed for the reductive cyclization of the P-dialkylamino-2-nitrostyrenes 
to the indoles. 210 " 14 These methods includes H2/Pd on carbon, H 2 /Ni, Fe/AcOH, Na 2 S 2 4 , 
FeS04/NH40H, TiCl 3 , Zn/HCl and Ni/NH 2 NH 2 , and so forth. 



OBn 




NO, 



17 



DMFDMA (6) 

pyrrolidine, DMF 
120°C, 3h 



OBn 
r A^% / NMe 2 

^N0 2 



Ni 



OBn 



18 



NH 2 NH 2 
70% over two steps 




MeO 



^r 




•^ 



20 



DMFDMA (6) 

*■ 

^NO Py rrolidine ' DMF MeO' 
2 105°C, 19h 




NMe 2 



H 2 , Pd/C 



NOo 



21 



EtOAc MeO' 
76% over two steps 



xx> 



N 
H 

22 



In the synthesis of chuangxinmycin, Kozikowski et al. employed the potassium 
salt of the acid 23 to condense with DMFDMA 6 to obtain the (3-nitrostyrene 24 with the 
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desired regiochemistry. This material was later converted into indole 25 by reductive 
cyclization. When the ester 26 was used, the condensation occurred at the more acidic 
methylene group to provide 27 as the major product. 10 



S^C0 2 K S C0 2 H 

1)DMFDMA(6) /L^^NMe,, 1) FeS0 4 , NH 4 OH 




DMF, 120°C, 20h 

2) HCI ^^^N0 2 3) CH 2 N 2 

24 



2) HCI 

3) CH 2 I 
43% overall 

NMe, 




I 

S'^ v 'C0 2 lvle S C0 2 Me 

DMFDMA (6) 





26 



DMF, A ^_ ^ 

N0 2 N °2 

no yield reported 2 7 



Somei et al. have demonstrated the utility of TiCb as the reducing agent in the 
Batcho-Leimgruber synthesis. The product distribution is sometimes dependent on the 
amount of TiCh used as well as the choice of the solvent employed in the reaction. 14-16 

C0 2 Me 
C0 2 Me 
1) DMFDMA (6) J^V^/NMe 2 TiCI 3 , MeOH ^ 

DMF, A iL^L 73% overall 

29 

Garcia et al. has extended the Batcho-Leimgruber procedure to the synthesis of 2- 
substituted indoles. 17 Treatment of 36 with o-fluorobenzoyl chloride 37, followed by in 
situ hydrolysis and deformylation gave ketone 38. Reduction of nitroarylketone 38 with 
sodium hydrosulfite then furnished indole 39. Similarly, bromoacetylation of 36 gave an 
acylenamine which was converted into the phthalimido derivative 40. Hydrolysis and 
deformylation gave phthalimidoketone 41 which underwent reductive cyclization to 
furnish indole 42. 
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TiCI 3 (mol eq) 



12 
8 
6 
4 



Yield 32 



33 



34 



35 



83 











42 


22 
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36 


8 
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57 


13 


16 



or* 



~NOp 



36 



CC CI 37 

»- 

TEA/benzene, A 

then H 2 0, A 

45% 



1)BrCOCH 2 Br 
pyridine/ether 
2) KPhth/DMF 
56% 



Phth = 



°^ — Phth 
^J^NMe 2 dioxane/H 2 0, A 

OCT * 



54% 



~NO, 




Phth 



40 



41 



Na 2 S 2 4 

THF/EtOH 
46% 



Na 2 S 2 4 



THF/EtOH 
50% 




^r 




42 



Phth 



Coe et al. reported an efficient modification for the preparation of JV-substituted 
indole analogs for biology screening 18 in good yield. The intermediate (3-nitrostyrene 44, 
prepared from the condensation of 43 with DMFDMA, underwent methanolysis and 
reduction to provide the aniline acetal intermediate 45. Alkylation of amine 45 was 
carried out employing standard conditions of reductive alkylation to provide JV-alkyl 
analogs represented by 46. The indole 47 was generated by formation of the oxonium ion 
(from 46) under acidic conditions, followed by cyclization, accompanied by loss of 
methanol. 
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,/^Z DMFDMA (6) 


^^ / ^ / NMe 2 
44 


1)H + /MeOH, A 


J 

Me0 2 C 


\iA N0 DMF ' A Me0 2 C' 

2 81% 
43 


2) H 2 , Pd/C, MeOH 

82% 




MeCL^OMe 


MeO^OMe 






| 1) ketone, Na 2 S0 4 
ff^\ 2) NaBH(OAc)3/AcOH , 
J ^^NH 2 Me0 2 CT 


^^J H + /MeOH, 


— jfYl 


Me0 2 C' 


R-i R 2 





45 



46 



47 



carbonyl 
compounds 



Q 




OHC 




overall yield 
from 45 



96% 



67% 



66% 



3.2.5 Experimental 



C0 2 Me C0 2 Me 

1)DMFDMA(6) ^ /C^^NMe 2 

DMF, A IL.JL 

*N0 2 ^^N0 2 



C0 2 Me 




Pd/C, H 2 



28 



29 




Preparation of Methyl indole-4-carboxylate (30) 19 

A. Methyl trans-2-[/3-(dimethylamino)vinyl]-3-nitrobenzoate(29). A solution of methyl 2- 
methyl-3-nitrobenzoate (28) (9.75g, 0.05 mol) and DMFDMA (6) (17.85 g, 0.15 mol) in 
50 mL of dry DMF was heated to 130°C for 6 h. The DMF was then removed under 
reduced pressure. The residue was distilled (120-130°C, 0.2 mm) from bulb-to-bulb to 
yield the title compound 29 [10.7 g (86%)]. 

B. Methyl indole -4 -carboxylate (30). A mixture of 7.0 g (28 mmol) of methyl trans-2-[$- 
(dimethylamino)vinyl]-3-nitrobenzoate(29) in 140 mL of dry benzene which contained 
1.4 g of 10% Pd/C was shaken in a Parr apparatus under H2 (50 psi) for 1.5 h. The 
catalyst was removed by filtration, and the benzene solution was washed with 30 mL of 
5% aq. HC1, brine and dried over MgSC"4. After removal of the solvent under reduced 
pressure, the residue was purified via chromatography on silica gel to furnish 6.9 g (82%) 
of methyl indole-4-carboxylate (30). 
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3.3 Bucherer Carbazole Synthesis 

3.3.1 Description 

The Bucherer carbazole synthesis 1 " 4 involves the treatment of a naphthyl alcohol (1 or 4) 
or a naphthylamine 5 ' 6 (2 or 5) with a phenylhydrazine 3 in the presence of aqueous 
sodium bisulfite to afford, after acidic work-up, either a benzo[a]carbazole 4 or 
benzo[c]carbazole 6. 




S 1 Jl 



1 X = OH 

2 X = NH 2 




4 X = OH 

5 X = NH 2 



HoNHN 




HoNHN 



■R* 



1)aq. NaHS0 3 , A 
~2)~H® ' 




1)aq.NaHSQ 3 , A 
2)H© 




3.3.2 Historical Perspective 

The Bucherer carbazole synthesis was first demonstrated when 7 was heated in the 
presence of phenylhydrazines 8, sodium hydroxide and sodium bisulfite; after acidic 
work-up, the benzocarbazole product 9 was isolated (-70% yield). When 2-naphthol was 
used the reaction was significantly slower with the yield of benzocarbazole being only 
46% after several days at 130 °C. 7 Bucherer and co-workers investigated this reaction 
extensively concluding, incorrectly, that intermediate products were probably carbazole- 
N-sulfonic acids due to the ease with which they lost the sulfonic acid residues to yield 
benzocarbazoles. 




C0 2 H H 2 NHN 




1)NaHS0 3 , 
NaOH, A 



2)H 




8 R = H, Me 



9 R = H, Me 
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3.3.3 Mechanism 
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Whereas the similarity between the Bucherer carbazole synthesis and the Fischer 
indolisation was noted by Bucherer and Seyde in their pioneering work, 1 it was only later 
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that the reaction mechanism was established. Through investigation of reaction 
intermediates, Seeboth et al. established that sodium bisulfite reacted with naphthols, not 
via bisulfite addition to the keto form of the naphthols as originally thought, 8 but rather 
via an intermediate tetralonesulfonic acid derivative. 3 Thus, 2-naphthol 10 forms 13; this 
adduct reacts with phenylhydrazine to give arylhydrazone 14, which then undergoes 
Fischer indolisation (see Chapter 3.4) and finally loss of sodium bisulfite to form the 
benzocarbazole 20. Diamine 21 has been isolated from reaction mixtures and may itself 
be converted into 20 in 81% yield when heated with either sodium bisulfite or sulfurous 
acid, 9 suggesting that an alternative mechanism via 22 may also be operative. Bucherer 
carbazole synthesis using 1-naphthol proceeds analogously, although the 1- 
tetralonephenylhydrazone-3-sulfonic acid intermediates (cf. 14) tend to be stable and only 
form benzocarbazoles on treatment with strong acids. 

When naphthylamines (e.g. 23) are used in the Bucherer carbazole synthesis, they 
are converted by the catalytic action of aqueous bisulfite into tetralonesulfonic acid 
derivative 13 by the Bucherer reaction. 5 Addition of NaHSC>3 gives an enamine, which 
tautomerises to the imine 24; 24 is hydrolysed to keto form 13 and subsequent Bucherer 
carbazole synthesis follows to afford the benzocarbazole product 20. 3 
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3.3.4 Variations and Improvements 

The Bucherer carbazole synthesis is, to a certain extent, limited by the availabilty of the 
starting naphthol and naphthylamine reagents. 10 However, a variety of substituents have 
been used and these are illustrated for the conversion of 25 to 27. The use of 2- 
aminoanthracene in the Bucherer carbazole synthesis has also been demonstrated. 11 
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A number of p-substituted phenylhydrazines (e.g. 28, R 1 = Me, Br; R 2 = H) have 
been used to yield benzocarbazole derivatives (e.g. 29, R 1 = Me, Br; R 2 = H). Reaction 
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of AValkylphenylhydrazines (e.g. 28, R 1 = H, R 2 = Me, Et, n Bu) has been shown to give 
JV-alkyl benzocarbazole derivatives (e.g. 29, R 1 = H, R 2 = Me, Et, n Bu). 1213 
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Both 1- and 2-naphthylhydrazine have been shown to react in good yield with 2- 
hydroxy-3-naphthoic acid in the presence of sodium bisulfite to give, after acidic work- 
up, dibenzocarbazole 30 and 31, respectively. 7 When either 1- or 2-naphthylhydrazine is 
heated with sodium bisulfite, dibenzocarbazoles 32 and 31, respectively, are isolated after 
acidic work-up. 7 It is suggested that loss of the hydrazine residue to form a bisulfite 
addition compound of the parent naphthol occurs initially; further reaction of this adduct 
with naphthylhydrazine then affords, after work-up, the products. 





31 




Japp-Maitland Condensation 

In a related reaction, a number of aryloic compounds, behaving as ketonic moieties in the 
Fischer indolisation, have been shown to afford carbazoles in the Japp-Maitland 
condensation. For example, when either 1-naphthol, 14 2-naphthol, 14 6-alkyl-2-naphthol, 15 
9-hydroxyphenanthrene 33a 14 or 6-hydroxychrysene 33b 16 was heated with dry 
phenylhydrazine and its hydrochloride, the corresponding carbazole 34 was obtained. 




PhNHNH 2 
PhNHNH 2 .HCI 




b R-R = -(CH=CH-) 2 - 



b R-R = -(CH=CH-) 2 - 
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4-Methylphenylhydrazine and both 1- and 2-naphthylhydrazines are also reported 
to react similarly. Phenols, in general, do not undergo this reaction, which is favoured by 
compounds exhibiting keto-enol tautomerism. 14 ' 16 

3.3.5 Synthetic Utility 

The Bucherer carbazole synthesis was pivotal in the preparation of the first hexahelicene 
37a. 8 Reaction of 2,7-dihydroxynaphthalene 35 with phenylhydrazine and sodium 
bisulfite afforded helicene 37a although in low yield. More recently, the synthesis was 
extended to the preparation of 37b using 2,5-dimethylphenylhydrazine 36b. 17 
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The AMAPs (2-[{arylmethyl}amino]-l,3-propanediols) are a class of planar polycyclic 
aromatic derivatives, which contain polar side-chains. They are known to be DNA 
intercalators and possess broad spectrum antitumour activity. An approach to 14 C- 
radiolabelled AMAP derivative 40 used the Bucherer reaction as an initial starting 
reaction. 18 2-Naphthol was reacted with 4-bromophenylhydrazine 38 in the presence of 
sodium metabisulfite and HC1 to afford 39. Subsequent derivatisation of 39 afforded 40. 
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3.3.6 Experimental 

OH 
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lli/-benzo[a]carbazole (43) 19 : 

A mixture of a-naphthol 41 (15.0 g, 0.1 mol), phenylhydrazine 42 (11.0 g, 0.1 mol) and 
sodium bisulfite solution (36 %, 250 g) was heated at reflux for 15 h. A further 4 g of 
phenylhydrazine was added and heating continued for 15 h, after which time the majority 
of the a-naphthol was consumed. After cooling, the mixture was extracted with ether. 
The oily, ether and aqueous insoluble residue was warmed with cone. HC1 until a dark 
crystalline mass developed. After cooling, the mixture was extracted with ether. The 
organic extract was dried and concentrated to afford a crystalline residue which was 
purified by recrystallisation from ethanol to afford the product 43 as a white crystalline 
solid, mp 225 °C. A reaction yield is not given. 
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3.4 Fischer Indole Synthesis 

3.4.1 Description 

The Fischer indole synthesis can be regarded as the cyclization of an arylhydrazone 1 of 
an aldehyde or ketone by treatment with acid catalyst or effected thermally to form the 
indole nucleus 2. 1-5 




The synthesis is often carried out by subjecting an equimolar mixture of the aryl 
hydrazine and aldehyde or ketone directly to the indolization conditions without isolation 
of the hydrazone. 6 ' 7 Similarly, arylhydrazones, prepared by reduction of the 
corresponding aryldiazonium salt or N-nitrosoarylalkylamine 8 ' 9 or by a palladium 
mediated coupling reaction, 1 can be subjected to the indolization conditions directly in 
the presence of the carbonyl moiety without isolation of the arylhydrazone. Such 
methods are useful when the arylhydrazone intermediates are unstable or toxic. 



3.4.2 Historical Perspective 

The first indolization of an arylhydrazone was reported in 1983 by Fischer and Jourdan 11 
by treatment of pyruvic acid 1-methylphenylhydrazone 3 with alcoholic hydrogen 



chloride. However, it was not until the following year that Fischer and Hess identified 
the product from this reaction as 1 -methyl indole-2-carboxylic acid 4. 
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Over 100 years after the initial discovery, the Fischer indole synthesis remains the 
most commonly employed method for the preparation of indoles. 13 



3.4.3 Mechanism 

A number of reaction pathways have been proposed for the Fischer indolization reaction. 
The mechanism proposed by Robinson and Robinson in 1918, 14 which was extended by 
Allen and Wilson in 1943 15 and interpreted in light of modern electronic theory by Carlin 
and Fischer in 1948 16 is now generally accepted. The mechanism consists of three 
stages: (I) hydrazone-ene-hydrazine equilibrium; (II) formation of the new C-C bond via 
a [3,3]-sigmatropic rearrangement; (III) generation of the indole nucleus by loss of 
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ammonia. Illustrated below is the indolization of the hydrazone 5 formed from 1-methyl- 
phenylhydrazine and acetone. 17 
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Under acidic conditions, the first step involves protonation of the imine nitrogen 
followed by tautomerization to form an ene-hydrazine intermediate (7). After the 
tautomerization, a [3,3]-sigmatropic rearrangement occurs, which provides intermediate 
8. Rearomatization then occurs via a proton shift to form the imine 9 which cyclizes to 
form the 5-membered ring 10. Finally, loss of ammonia from 11 generates the indole 
nucleus in 12. 



3.4.4 Scope and Limitations 
3.4.4.1. Catalytic/thermal indolization 

A large number of Br0nsted and Lewis acid catalysts have been employed in the Fischer 
indole synthesis. Only a few have been found to be sufficiently useful for general use. It 
is worth noting that some Fischer indolizations are unsuccessful simply due to the 
sensitivity of the reaction intermediates or products under acidic conditions. In many 
such cases the thermal indolization process may be of use if the reaction intermediates or 
products are thermally stable (vide infra). If the products (intermediates) are labile to 
either thermal or acidic conditions, the use of pyridine chloride 18 in pyridine or biphasic 
conditions are employed. The general mechanism for the acid catalyzed reaction is 
believed to be facilitated by the equilibrium between the aryl-hydrazone 13 (R' = H* or 
Lewis acid) and the ene-hydrazine tautomer 14, presumably stabilizing the latter 
intermediate 14 by either protonation or complex formation (i.e. Lewis acid) at the more 
basic nitrogen atom (i.e. the 2-nitrogen atom in the arylhydrazone) is important. 
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It has been proposed 19 that protonation or complex formation at the 2-nitrogen 
atom of 14 would enhance the polarization of the l',6'-7i system and facilitate the 
rearrangement leading to new "C-C" bond formation. The equilibrium between the 
arylhydrazone and its ene-hydrazine tautomer is continuously promoted to the right by 
the irreversible rearomatization in stage II of the process. The indolization of 
arylhydrazones on heating in the presence of (or absence of) solvent under non-catalytic 
conditions can be rationalized by the formation of the transient intermediate 14 (R' = H). 
Under these thermal conditions, the equilibrium is continuously pushed to the right in 
favor of indole formation. Some commonly used catalysts in this process are 
summarized in Table 3.4.1. 

Table 3.4.1. Commonly used catalysts x ' 2 for the Fischer indole synthesis 



Glacial acetic acid 



Boron trifluoride in acetic acid 



Copper (I) chloride 



Formic acid 



Cone, hydrochloric acid 
Hydrogen chloride in ethanol 



Hydrogen chloride in acetic acid 



Polyphosphoric acid 



Cone, sulfuric acid in ethanol 



Cone, sulfuric acid in acetic acid 



Zinc chloride 



/7-Toluenesulfonic acid 



Although several examples of successful Fischer indolizations under thermal 
conditions in the absence of an acid catalyst had been reported, the general realization of 
thermally-mediated Fischer indole cyclizations did not become apparent until 1957. 
They are particularly effective in indolizations which involve heteroaromatic hydrazones, 
such as pyridylhydrazones, pyrimidylhydrazones and quinolylhydrazones, that are 
difficult to cyclize under acidic conditions due to the deactivation of the heteronucleus by 
protonation of the heteroatom, as well as the inductive effects of the nitrogen atom. 2-4 
Several recent reports have described the indolization of ketone 15 with a variety of 
arylhydrazines, including 2- and 3-hydrazinopyridine, 1- and 2-hydrazinonaphthalene, 2- 
and 3-hydrazinoquinoline, and 1-hydrazinophthalazine to provide the corresponding 
indoles via the thermal process. 21 ~ 24 
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Bisagni et al. 25 ' 29 described the indolization of a series of pyridone-based 
hydrazones 18 in 70-95% yield by refluxing them in diphenyl ether. Crooks and others 
reported successful thermal cyclizations as well. 3 
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3.4.4.2. Direction of indolization 

Many aryhydrazones provide two or more isomers when subjected to the conditions of 
the Fischer indole cyclization. The product ratio and the direction of indolization can 
also be affected by different reaction conditions {i.e. catalysts and solvents), which is 
attributed, at least in part, to the relative stabilities of the two possible tautomeric ene- 
hydrazine intermediates. Generally, strongly acidic conditions favor formation of the 
least substituted ene-hydrazine, while cyclization carried out in weak acids favors the 
most substituted ene-hydrazine. Eaton's acid (10% P 2 5 in MeS0 3 H) has been 
demonstrated to be an effective catalyst for the preparation of 3-unsubstituted indoles 
from methyl ketones under strongly acidic conditions. 2 Many comprehensive reviews on 
this topic have appeared. 1-4 

3.4.4.2.1. Ketone/aldehyde components 

A. Indolization of arylhydrazones of nonsymmetric ketones 

The keto arylhydrazone 22 indolized to give only the 3-H substituted indole 23 upon 
treatment under the cyclization conditions. Indolization had occurred toward the more 
substituted carbon atom. " 
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The arylhydrazone 24 generally gives the 3-alkyl-2-methylindole 25 as major 
product. However, the indolization of ethyl methyl ketone has been reported to provide 
both 2,3-dimethyl indole and 2-ethyl indole. 34-36 
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B. Indolization of aryhydrazones of cyclohexanone 

The arylhydrazone 29 of a 2-substituted cyclohexanone gave a mixture of indolenine 30 
and tetrahydrocarbazole 30. It was reported that the relative amounts of 30 and 31 
produced depended upon the catalyst employed. 37 "" 39 For example, glacial acetic acid as 
catalyst provided largely 30, whereas aqueous sulfuric acid gave 31 as the major product. 
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Similarly, it is expected that one or two of the 2- and 4-substituted isomers (33 
and 34) would be formed by the indolization of phenylhydrazone 32, depending on the 
reaction conditions as well as the nature of the substituent. ~ 4 
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In keeping with the thermodynamic stability of the ene-hydrazine, the mono- 
phenylhydrazone of cyclohexane-l,3-dione 38 provided only one of two possible isomers 
39, or at least, one dominant product 39 on indolization. 44,45 
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However, when the reaction was carried out in a mixture of ethylene glycol and 
toluene and followed by hydrolysis the 2-keto derivative 42 was obtained in 54% yield, 
presumably via the more stable ene-hydrazine intermediate 41. 
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In the same fashion, the phenylhydrazone of 2-tetralone 43 was found to provide 
only one isomer, carbazole 44, when heated in dilute sulfuric acid. 46 ' 47 
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3.4.4.2.2. Hydrazine component 

A. Indolization of p-substituted phenylhydrazon.es 

Indenization of the p-substituted phenylhydrazone 45 provides only one regioisomer as 
expected, the 5-substituted indole 46. It is the most useful example of Fischer indole 
chemistry. An electron donating substituent on the phenyl ring in 45 enhances the rate of 
the indolization, whereas electron-withdrawing groups decrease the rate of cyclization. 4 ' 48 
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B. Indolization of o-substituted phenylhydrazones 

Cyclization of an o-substituted arylhydrazone provides one isomer in many cases. 
However, the cyclization is more sluggish than the m- or p-substituted analogs. 
Sometimes the cyclization gives low yields of the desired indole products along with side 
products. 2 Cyclization of the 2-substituted arylhydrazone can occur either to the 
unsubstituted side to provide the "normal" indole product (50), or to the substituted side, 
where other reactions take place (53 and 56). 
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In general, electron donating substituents tend to direct the cyclization to the 
substituted position instead of the unsubstituted position, especially when there is no 
steric hindrance to cyclization arising from the ketone portion of the hydrazone. In 
contrast, when an electron withdrawing group such as CF3 or CI is present in the ortho- 
position, indolization is then favored at the unsubstituted position (58). 5 ' 49 ' 50 
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C. Indolization of m-substituted phenylhydrazones 

Indenization of 3-substituted phenylhydrazone 59 normally gives rise to two isomeric 
products, 4-substituted indole 60 and 6-substituted indole 61. 2 The ratio of 60 to 61 from 
the cyclization depends on the nature of the Ri group, 2 the structure of the carbonyl 
moiety of the hydrazone, 51 and the cyclization conditions (catalyst, solvent). 52,53 
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There is a general trend resulting in a ratio of 60:61 < 1 when Ri is an electron- 
donating group, whereas when Rj is a meta- directing group 60:61 > l. 52 Regardless of 
the electronic nature of the substituents, steric considerations will always favor the 
formation of the 6-substituted ring in preference to the 4-substituted indole. 51 ' 52 ' 54 ' 55 
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D. Indolization of Heterocyclic Hydrazines 

Indolization of 3-pyridylhydrazone 65(67) gives 4-azaindole 66(69) as the major 

product. 8 ' 56 
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During indolization of the 3, 6 and 7-quinolylhydrazones, formation of the new 
C-C bond occurs between the appropriate carbon atom of the ketone/aldehyde moiety 
and the 4, 5 and 8 carbon atoms of the quinoline nucleus. It is consistent with the 
mechanism of formation of the C-C bond during indolization and the direction of 
electrophilic substitution in the quinoline nucleus. 



ZnCI 2 /p-cymene 





b0 2 H A > 10% 
70 

3.4.5 Synthetic Applications in the Pharmaceutical Industry 

3.4.5.1. Synthesis ofMK-677 

MK-677, an orally active spiroindoline-based growth hormone secretagogue (GHS) 

agonist, discovered by Merck and currently in Phase II clinical studies, was synthesized 

with a Fischer indolization as a key step. The synthesis of this agonist involved a Fischer 

indole/reduction process and was achieved in 48% overall yield from the relatively cheap 

starting material, isonipecotic acid 72. 61 
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3.4.5.2 Synthesis of Imitrex (Sumatriptan) 

Imitrex® (Sumatriptan) 82 is the first selective 5-HTi D agonist developed by Glaxo for 
the treatment of migraine. The synthesis of Imitrex has been carried out by several 
different routes all of which involved a Fischer indolization reaction as the key step. r 
Outlined below is one of the synthetic routes. 
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Aniline 77 was converted into its diazonium salt with nitrous acid and this was 
followed by reduction with stannous chloride to afford the corresponding arylhydrazine 
78. Condensation of 78 with 3-cyanopropanal dimethylacetal 79 gave the arylhydrazone 
80. Treatment of 80 with PPE resulted in cyclization to indole 81. The nitrile group was 
then reduced to the primary amine by catalytic hydrogenation. Reaction of the amine 
with excess formalin and sodium borohydride resulted in Imitrex (82). 
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3.4.6 Experimental 
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84 

Preparation of 2-phenylindoIe 66 (84), a classic procedure. 

In a tall 1 liter beaker was placed an intimate mixture of 53 g (0.25 mole) of freshly 
prepared acetophenone phenylhydrazone (83) and 250 g of powdered anhydrous zinc 
chloride. The beaker was immersed in an oil bath at 170°C, and the mixture was stirred 
vigorously by hand. The mass became liquid after 3-4 minutes, and evolution of white 
fumes began. The beaker was removed from the bath and the mixture was stirred for 5 
minutes. In order to prevent solidification to a hard mass, 200 g of clean sand was 
thoroughly stirred into the reaction mixture. The zinc chloride was dissolved by 
digesting the mixture overnight on a steam cone with 800 mL of water and 25 mL of 
concentrated hydrochloric acid. The sand and crude 2-phenylindole were removed by 
filtration, and the solids were boiled with 600 mL of 95% ethanol. The hot mixture was 
decolorized with Norit and filtered through a hot 10-cm Buchner funnel. The sand and 
Norit were then washed with 75 mL of hot ethanol. After the combined filtrate was 
cooled to room temperature, the 2-phenylindole was collected on a 10-cm Buchner funnel 
and washed three times with small amounts (15-20 mL) of cold ethanol. The first crop 
was quite pure; after drying in a vacuum desiccator over calcium chloride it weighed 30- 
33 g and melted at 188-189°C (cor.). A little Norit was added to the combined filtrate 
and washings, which were then concentrated to a volume of 200 mL and filtered. The 
filtrate, on cooling, furnished a second crop of 5-6 g of impure product, which melted at 
186-188°C. The total yield of 2-phenylindole (84) was 35-39 g (72-80%). 
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3.5 Gassman indole synthesis 

3.5.7 Description 

The Gassman indole synthesis involves an one-pot process in which hypohalite, a (3- 
carbonyl sulfide derivative 2, and a base are added sequentially to an aniline or a 
substituted aniline 1 to provide 3-thioalkoxyindoles 3. Raney nickel-mediated 
desulfurization of 3 then produces the parent indole 4. 1 " 5 



^. 1)M3uOCI ^ -^ Raney-Ni £^ 



1 ^%h 2)^r R 3 {2) '"^> 3 ^f* 3 



, ' a w n2 



R 2 



3) base 



3.5.2 Historical Perspective 

In 1974, Gassman et al. reported a general method for the synthesis of indoles. 1 For 
example, aniline 5 was reacted sequentially with f-BuOCl, methylthio-2-propanone 6 and 
triethylamine to yield methylthioindole 7 in 69% yield. The Raney-nickel mediated 
desulfurization of 7 then provided 2-methylindole 8 in 79% yield. 1 The scope and 
mechanism of the process were discussed in the same report by Gassman and coworkers 
as well. 
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NH, 




oC= Co, 
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3.5.3 Mechanism 

The mechanism of the indolization of aniline 5 with methylthio-2-propanone 6 is 
illustrated below. 1 Aniline 5 reacts with f-BuOCl to provide AT-chloroaniline 9. This 
chloroaniline 9 reacts with sulfide 6 to yield azasulfonium salt 10. Deprotonation of the 
carbon atom adjacent to the sulfur provides the ylide 11. Intramolecular attack of the 
nucleophilic portion of the ylide 11 in a Sommelet-Hauser type rearrangement produces 
12. Proton transfer and re-aromatization leads to 13 after which intramolecular addition 
of the amine to the carbonyl function generates the carbinolamine 14. Dehydration of 14 
by prototropic rearrangement eventually furnishes the indole 8. 
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3.5.4 Synthetic Utility 

The Gassman indole synthesis provides a single regioisomer when ortholpara substituted 
anilines are employed, the yields of which are quite good generally. This provides some 
advantage in the preparation of 7-substituted indoles compared to other methods which 
normally give low yields, that is, the Fischer indole process. 1 
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The /neta-substituted anilines provide one or two isomeric products depending on 
the nature of the substituents (vide infra). 
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A variety of 2-substituted indoles can be prepared by the Gassman process. For 
example, when methyl phenacyl sulfide 22 was employed with aniline, the 2-phenyl 
indole was obtained in 81% yield as shown here. 

1) f-BuOCI 





NH 2 2) ^ S ^Y^ 22 

3) Et 3 N 
81% 23 24 



The Gassman process has also been applied to the preparation of indoles which 
are devoid of a substituent at the 2 position. For example, indolization of aniline 5 with 
methylthioacetaldehyde 25 or methylthioacetaldehyde dimethyl acetal 26 furnished 
indole 27; however, a higher yield was obtained when the acetal 26 was employed. 
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Many 3-substituted indoles have also been prepared with the use of a-alkyl or a- 
aryl-P-keto sulfides. Thus indolization of aniline 5 with 3-methylthio-2-butanone 27 
furnished indolenine 28, presumably via the same mechanism discussed earlier. The 
indolenine 28 was relatively unstable and reduced to the indole 29 without purification. 
Tetrahydrocarbazole 32 was prepared in 58% overall yield. Smith et al. made excellent 
use of the Gassman process in the total synthesis of (+)-paspalicine and (+)- 
paspalinine. 4,5 
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The Gassman indole synthesis has one serious limitation. Attempts to use 
anilines with an ortho/para- methoxy moiety failed to indolize. One means to overcome 
this was synthesis of the corresponding oxindoles followed by reduction to the indoles. 6 

3.5.5 Experimental 

Preparation of Z-Methyl-S-methylthioindole 1 

1) f-BuOCI 
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2)"S^r CH 3 6 ^ -N' ^Me 

O H 
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A solution of J-BuOCl (0.022 mol) in 20 mL of DCM was added drop-wise to a 
vigorously stirred solution of the aniline 5 (2.05g, 0.022 mol) in 75 mL of DCM at - 
65°C. After 5-10 min, methylthio-2-propanone 6 (2.30g, 0.022 mol) in 10 mL of DCM 
was added and the mixture was stirred at -65°C for 1 h. Subsequently, TEA (2.23 g, 
0.022 mol) in 10 mL of DCM was added. After the addition was complete, the cooling 
bath was removed and the mixture was allowed to warm to room temperature. Water (25 
mL) was added and the organic layer was separated, dried, filtered, and evaporated. The 
residue was purified by chromatography and crystallized from cyclohexane to furnish 
2.68 g of the 2-rnethyl-3-methylthioindole (69%), mp 58-59°C. 
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3.6 Graebe-Ullmann carbazole synthesis 

3.6.1 Description 

The thermal decomposition of triazole 1 to form carbazole 2 is regarded as the Graebe- 
Ullmann carbazole synthesis. 
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3.6.2 Historical Perspective 

In 1896, Graebe and Ullman reported the formation of carbazole (5) by reacting 2- 
aminodiphenylamine (3) with nitrous acid, followed by the thermolysis of the 
benzotriazole 4 which resulted. 1 
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3.6.3 Mechanism 

Limited reports on the mechanism of the Greabe-Ullmann reaction have appeared. A di- 
radical intermediate is presumably involved in the thermolysis of the triazole 4. ' 
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3.6.4 Synthetic Utility 

The Graebe-Ullman carbazole synthesis is normally carried out in sealed tubes and at 
high temperature. The carbazoles/substituted carbazoles are obtained in general in poor to 
moderate yields. 4 ' 5 
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The Graebe-Ullman carbazole synthesis has been employed in the preparation of 
substituted carbolines, 6,7 as well as indolo[2,3-fc] quinolines, which are often difficult to 
synthesize via other approaches, for example, the Fischer indole process. 
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Hagan et al. utilized the Graebe-Ullmann process to synthesize polycyclic 
acridines 14 which exhibit anti-tumor activity. 2 
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3.6.5 Experimental 

Preparation of 6H-IndoIo[2,3-b]quinoIine 16 8 




N N "N 



15 
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30% 




Triazole 15 was mixed with polyphosphoric acid (150 mL) and the mixture was heated 
until gas evolution ceased (130-180°C) (Caution: It is important to note that one mole 
of N2 is evolved). After cooling, the syrup was poured into ice water (2 L), and the 
precipitate was collected, washed with H2O, heated on a steam bath with 25% ammonia 
(100 mL), and filtered. The product was then washed with H2O and crystallized from 
pyridine to furnish 16 in 30% yield. 
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3.7 Hegedus Indole Synthesis 

3.7.1 Description 

The Hegedus indole synthesis involves one of the earlier (formal) examples of olefin 
hydroamination. An orffto-vinyl or orffo-allyl aniline derivative 1 is treated with 
palladium(II) to deliver an intermediate resulting from alkene aminopalladation. 
Subsequent reduction and/or isomerization steps then provide the indoline or indole unit 
2, respectively. 
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3.7.2 Historical Perspective 

Metal-assisted heterocycle formation witnessed tremendous growth in the second half of 
the 20 th century, largely patterned after mercury(II) and silver(I)-assisted 
olefin/heteroatom cyclizations. Using this intellectual springboard, Castro reported in 
1966 that substituted indoles and benzofurans could be generated through the reaction of 
terminal alkynes and copper© salts with ortho-halo anilines and phenols, respectively. 1 
Subsequent developments include the Mori-Ban indole synthesis (1976) through the use 
of an olefin insertion mechanism beginning from ortho-ha\o iV-allylanilines such as 3 and 
using a stoichiometric amount of nickel(O) to give indole 4. 2 
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In 1974, Hegedus and coworkers reported the palladium(II)-promoted addition of 
secondary amines to oc-olefins by analogy to the Wacker oxidation of terminal olefins and 
the platinum(II) promoted variant described earlier. 3 This transformation provided an 
early example of (formally) alkene hydroamination and a remarkably direct route to 
tertiary amines without the usual problems associated with the use of alkyl halide 
electrophiles. 




(PhCN) 2 PdBr 2 
^\^* (CH 3 ) 2 NH r /^CH 3 

H 3 CT^^ 1^5 " H 3C Y H 3 C ^ ^N(CH 3 ) 2 

then reduction N(CH 3 ) 2 

(H 2 , NaBH 4> or HCI) \Zl3 

(90%) 

The intramolecular variant, reported by Hegedus in 1976, expanded the scope to 
weakly nucleophilic amines. 4 orf/io-Allylaniline 1 delivered 2-methyl indole in 84% yield 
using a stoichiometric amount of (CtbCN^PdCb and triethylamine in THF via the 
intermediacy of 5. 

" (CH 3 CN) 2 PdCI 2 fY^t B 3N fTWrH 

NH 2 ^^N^ 2 \^^N 

Ho H 



3.7.3 Mechanism 

The mechanistic information provided in the literature is both qualitative and often 
inspired by analogy to the behavior of palladium catalysts in the Heck reaction. The 
importance of maintaining an open coordination site on palladium(II) for olefin binding 
prior to amine results in two procedural requirements for the Hegedus synthesis. The first 
is the need to add the amine to a cooled (-50 °C) mixture of the palladium catalyst and 
olefin. At higher temperature, the amine displaces the bound olefin to give an 
aminopalladium complex that is not easily converted to the desired tertiary amine. Since 
formation of the amine-palladium(II) complex is not a productive pathway to product, 
aminopalladium catalysts such as (Me2NH) 2 PdCl 2 generally return only unreacted 
substrate. However, the optimal amount of amine is two equivalents relative to olefin. In 
the original work, the olefin component largely determined the efficiency of the process 
in the order: terminal > frans-disubstituted > cis-disubstituted » cyclic disubstituted - 
trisubstituted with the latter providing less than 5% of the desired product. This trend is 
consistent with olefin-palladium(II) binding strength. Limitations on the amine 
component are considerably greater, being restricted to nonhindered secondary amines. 
However, unlike the analogous transformation with platinum, selectivity for olefin 
/nonoamination was uncorrupted. 
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Scheme 1 . Proposed Mechanistic Steps Leading to Olefin Aminopalladation 
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The characteristics of the intramolecular variant further supported the notion that 
a palladium(II)-olefin complex prone to amine attack on the complex in anft'-fashion (B 
— > C) is necessary for efficient nitrogen-carbon bond formation. Furthermore, the trend 
toward Markovnikov addition regioselection is driven by formation of the less substituted 
palladium alkyl intermediate (D). The intramolecular transformation is formally an 
isomerization, owing to reductive elimination of the alkylpalladium intermediate (to 
generate metallic palladium), whereas the increased stability of the analogous species in 
the intermolecular variant allowed its reduction in a subsequent step (H2, NaBHt, or 
HC1). Hegedus reported the variant substoichiometric in palladium(II) using either 
benzoquinone or copper(II) chloride as the stoichiometric oxidant. 5 Lithium chloride was 
found to be an additive beneficial to overall yield. 

10mol% 
(CH3CN) 2 PdCI 2 

^^/^ 1(50 mol% ^^, 

fi T benzoquinone „ | I ^-CH 3 

k \^ NH LiCI(IOequiv) ^^-N 

2 THF, reflux H 

1 (86%) 2 

3.7.4 Synthetic Utility 

3,4-Disubstituted indole represents a more prevalent synthon for target-oriented synthesis 
accessible via the Hegedus method. Synthetic access was gained to 4-bromo N- 
tosylindole (8) and 3-iodo-4-bromo indole (6) in six and eight steps, respectively, and 
good overall yield. 6 As one example of the general manner in which haloindoles such as 
these can be further elaborated, 7 the latter was further functionalized to the ergot alkaloid 
rac-aurantioclavine (7). 8 
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4-Bromo-/V-tosylindole (8) has been converted to arcyriacyanin A (9) by 
Steglich. 9 Similarly, Rapapport used 3,4-dibromoindole (10) to construct the ergot 
alkaloid tricyclic core (ll), 10 and Murakami reported a relatively short route to 
costaclavine. 11 Similar uses in other natural product syntheses continue to appear in the 
literature. 12 

3.7.5 Experimental 

2-Methylindole (2): 5 

2-(2-Propenyl)aniline (1, 1.0 g, 7.52 mmol), PdCl 2 (CH 3 CN) 2 (0.195 g, 0.75 mmol), 
benzoquinone (0.812 g, 7.52 mmol), and LiCl (3.158 g, 75.2 mmol) were combined in 
THF (95 mL). After 5 h at reflux, the solvent was removed and the residue was stirred 
with ether and decolorizing charcoal for approximately 20 min and filtered. The filtrate 
was washed five times with 50-mL portions of 1 M NaOH. The solvent was removed by 
vacuum, and the residue was placed on a silica gel column and eluted with 3:1 petroleum 
ether/ether. 2-Methylindole (2, 0.818 g, 86%) was collected as a white, crystalline solid, 
identical with authentic material. 13 
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3.8 Madelung Indole Synthesis 

3.8.1 Description 

The intramolecular cyclization of N-acylated-o-alkylanilines in the presence of a strong 
base at elevated temperatures is known as the Madelung indole synthesis. 1,2 




3.8.2 Historical Perspective 

In 1912, Madelung reported that o-acetotoluidine 3 and o-benzotoluidine 5 provided the 
corresponding 2-methylindole 4 and 2-phenylindole 6 respectively when heated to 360- 
380°C with 2 molar equivalents of sodium ethoxide. 3 



a; H A R 

H 
3 R = CH 3 
5 R = C 6 H 5 



NaOC 2 H 5 , 360-380°C 



Cc^ R 

H 

4 R = CH 3 
6 R = C6H5 



3.8.3 Mechanism 

The mechanism of the Madelung indole synthesis has not been fully established. An 
intramolecular Claisen type condensation is presumably involved in the process. 2 ' 4 ' 5 
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3.8.4 Synthetic Utility 

The most common conditions employed in the Madelung process are sodium/potassium 
alkoxide or sodium amide at elevated temperature (200-400°C).'' 2 The Madelung 
reaction could be effected at lower temperature when rc-BuLi or LDA are employed as 
bases. 4 The useful scope of the synthesis is, therefore, limited to molecules which can 
survive strongly basic conditions. The process has been successfully applied to indoles 
bearing alkyl substituents. 6 ' 7 




potassium o-toluidide y [ j] 



A 



N 
N^H 270-31 0°C, 68% h 

H 

10 





^ NaNH 2 , N,N-dimethylaniline v. _^\ 

N^Et 200 ° C ' 67% H 

H 



12 



11 



Houlihan et al. have described the successful indolization of AT-acylated-o- 
alkylanilines by employing rc-BuLi/LDA as bases at lower temperature. 4 




O 



n-BuLi, THF 



H 
13 




N^Nf% 20°C, 90% 




14 



MeCL ^^/ „ n-BuLi, THF 



^ S N'Y% 15°C,80% 

H u 




15 



16 



When the benzamide derivative of 3-picoline 17 was subjected to the cyclization 
conditions with n-BuLi, the reaction failed to yield the desired indole 18. However, 
when n-BuLi was replaced by LDA, the desired azaindole 18 was isolated in 22% yield. 4 



142 Name Reactions in Heterocyclic Chemistry 

(TV ? LDA,-20°C OCX 

^N^N^^CgHs 22% H 

H 

17 18 

The modification of the Madelung indole synthesis achieved by introduction of an 
electron withdrawing group (EWG) at the benzylic carbon atom of the iV-acylated-o- 
alkylanilines has been quite successful. 8 ' 9 Orlemans et al. reported that indoles were 
isolated in decent yields when the amides were treated with f-BuOK in THF for a period 
of 10 minutes at room temperature. 10 



QN Mor v ^ XN 




Me0 ^^ i =^ f-BuOK, THF, rt 



MeO-y^y— — f - A 

M^ArfA M A 



MeO ^^ N R 
^R 

Bn 



MeO" ^^ "N R Bn 



19 



R = Me, 79%; R = H, 79% 

R = CF 3 , 81 %; R = Ph, 90% 20 




C0 2 f-Bu 



O f-BuOK, THF, rt 

A, 




N- ^R Y R 

Bn Bn 



_.C0 2 f-Bu 

X. 



21 R = Me, 79%; R = Ph, 83% 



22 




S0 2 Ph CI S/ ^ , ^ SQ 2 Pri 

nAr 



Clv^^^^ f-BuOK, THF, rt 



N R Bn 



A 
Bn 
23 




R = Me, 74%; R = Ph, 83% 



24 



When o-dialkylanilides were treated with strong bases, the condensation took 
place at the methyl group in preference to the more substituted ethyl function as 
expected. 2 




NaNHp 





NHAc J N ^ y N 

Et H Me H 

26:27 = 35:1 2 6 27 
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The Madelung indole synthesis has been employed in the preparation of some 
complex indole systems. Uhle et al. reported the conversion of N-formyl-5,6,7,8- 
tetrahydronaphthylamine 28 into l,3,4,5-tetrahydrobenz[c,d]indole 29 with f-BuOK in 
11% yield in regard to synthesis of ergot alkaloids. 1 ' 




KOf-Bu 



,CHO 




29 



The spirocyclic cyclopenta[g]indole derivatives represented by 31 have also been 



prepared via the Madelung indole process 



12 




30 



NaNH 2 /DMA 



R = H,n = 1,30% 
R = H, n = 2, 46% 
R = 4-Me, n = 2, 43% 




R = H, n = 3, 32% 
R = 5-Me, n = 2, 46% 



31 



Combinatorial chemistry has played an increasing role in drug discovery. Wacker 
et al. extended the Madelung indole process successfully to solid phase library synthesis 
for the preparation of 2,3-disubstituted indoles. 13 A number of examples follow in the 
table. 
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phenyl 
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p-MeO phenyl 
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p-CFj phenyl 
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p-N0 2 phenyl 
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o-Et phenyl 
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3-pyridyl 
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PhCH 2 
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3.8.5 Experimental 
Preparation of 2-Methylindole 14 

O NaNH 2 




N"^ 240-260°C ^^^N' 

H H 




35 



36 



In a 1 L flask was placed a mixture of 64 g of finely divided sodium amide and 100 g of 
o-acetyltoluidine 35. Approximately 50 mL of dry ether was added and the apparatus 
was purged with dry nitrogen. Then, with a slow current of nitrogen passing through the 
mixture, the reaction flask was heated in a metal bath. The temperature was raised to 
240-260°C over a 30 min period and was maintained in this range for 10 min. A 
vigorous evolution of gas occurred, the cessation of which indicated that the reaction was 
complete. The metal bath was removed, the flask was allowed to cool, and 50 mL of 

95% ethanol and 250 mL of warm water (about 50°C) were added, successively, to the 
reaction mixture. The decomposition of the sodium derivative of 2-methylindole, and of 
any excess sodium amide, was completed by warming the mixture gently with a Bunsen 
burner. The cooled reaction mixture was extracted with two 200 mL portions of ether. 
The combined ether extracts were filtered, and the filtrate was concentrated to about 125 
mL. The solution was then transferred to a 250 mL flask and distilled. The 2- 
methylindole 36 distilled at 119-126°C/3-4 mmHg as a liquid, which rapidly solidified in 
the receiver to a white crystalline mass. This product melted at 56-57°C. The yield was 

70-72 g (80-83%). 
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3.9 Nenitzescu Indole Synthesis 

3.9.1 Description 

The Nenitzescu indole synthesis 1 ' 2 involves the condensation of a quinone 1 and an 
enamine 2 to generate a hydroxyindole 3. 




3.9.2 Historical Perspective 

In 1929, Nenitzescu reported that p-benzoquinone (4) was treated with ethyl 3- 
aminocrotonate (5) in boiling acetone to yield ethyl 5-hydroxy-2-methylindole-3- 
carboxylate (6). 3 

'^O H 2 N A CH 3 A ^-^N^CHa 

H 
4 5 6 

The procedure was largely ignored until the 1950s when interest in melanin- 
related substances and recognition of serotonin as a 5-hydroxy derivative stimulated 
exploration of the scope of the reaction. Nowadays, the Nenitzescu reaction is one of the 
most efficient processes for the preparation of 5-hydroxyindoles. 1,2 ' 4 " 10 



1,2 



3.9.3 Mechanism 

At least two pathways have been proposed for the Nenitzescu reaction. ' z The 
mechanism outlined below is generally accepted. 11 ' 12 Illustrated here is the indolization 
of the 1,4-benzoquinone (4) with ethyl 3-aminocrotonate (5). The mechanism consists of 
four stages: (I) Michael addition of the carbon terminal of the enamine 5 to quinone 4; 

(II) Oxidation of the resulting hydroquinone 10 to the quinone 11 either by the starting 
quinone 4 or the quinonimmonium intermediate 13, which is generated at a later stage; 

(III) Cyclization of the quinone adduct 11, if in the cis-configuration, to the 
carbinolamine 12 or quinonimmonium intermediate 13; (IV) Reduction of the 
intermediates 12 or 13 to the 5-hydroxyindole 6 by the initial hydroquinone adduct 7 (or 
8, 9, 10). 
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H H C0 2 Et 

kX NH 
H +V * 7 



^^NH 2 
11 H + 




.C0 2 Et 
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^A H NH2 
10 
[reduction] 



N XH 3 
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OH 1 
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C0 2 Et 




NHo 



OH 



CH 3 



II if [reduction] T \ ff 



,CQ 2 Et 



N XH 3 
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3.9.4 Scope and Limitations 

The Nenitzescu reaction generally occurs under relatively mild reaction conditions. 
Moreover mono-, di-, and fn'-substituted quinones react with equal facility. Many 
enamines including (3-aminoacrylonitriles, p-aminoacrylamides, and |3-amino-a,p- 
unsaturated ketones react with quinones to form indole nuclei as well. The mild reaction 
conditions and the availability of the starting material render it attractive even in those 
instances where the yield of the product is low. 



1,2 



3.9.4.1 Structure of the quinone 

Only p-quinones have been used in the Nenitzescu reaction, and the utility of 1,4- 
benzoquinone, 1,4-naphthoquinone, and substituted benzoquinones (monoldiltri) in this 
procedure is well documented in literature. 1 ' 2 Some of these substituted p-benzoquinones 
are: 2-hydroxy, 2-methoxy, 2-methyl, 2-chloro, 2-fluoro, or 2-bromo; 2-ethyl, 2- 
benzylthio, 2-trifluoromethyl, 2-carbethoxy, 2-acetyl, 2,3-dimethyl, 2-hydroxy-3,6- 
dimethyl, 2-chloro-5-trifluoromethyl, and 2-methoxy-5-trifluoromethyl. 1,2 The mono- 
substituted p-benzoquinone provides one or two products under Nenitzescu conditions 
depending on the nature of the substituents and steric requirements. It is known that 
electron-donating substituents at C-2 in the /?-benzoquinone ring activate the C-5 and C-6 
positions of the ring to nucleophilic agents while electron-withdrawing substituents at C- 
2 favor such attack at C-3. 13 It is worth noting that the enamino esters exert effects in 
determining the product profile in the Nenitzescu process as well (vide m/ra). 10 ' 14-16 
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C0 2 CH 3 
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18 


X 
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x — No product isolated 

The more interesting situation arises in quinones which possess two dissimilar 
substituents. The site of initial carbon-to-carbon condensation is explicable in terms of 
the relative electronic effects. Thus condensation of 2-chloro-5-methylbenzoquinone 
(19) with f-butyl 3-aminocrotonate (20) in hot acetic acid furnished the 4-chloro-7- 
methylindole (21) in 51% yield. 17 






,COOf-Bu 
CH 3 



19 



20 



21 



A trifluoromethyl moiety is a strong electron-withdrawing group which dominates 
the direction of indolization in the Nenitzescu process. 10 
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The directing influence of the trifluoromethyl group also competes with that of 
the strongly electron-donating methoxyl group. Thus 2-methoxy-5-trifluoromethyl-l,4- 
benzoquinone (26) was treated with ethyl 3-aminocrotonate (5) to furnish 25% of each of 
the two possible isomeric indoles 27 and 28. 
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OCH 3 
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3.9.4.2 Structure of the enamine 

Condensation of the Af-substituted P-aminocrotonic acid ester 15 with p-benzoquinone (4) 
has been successfully carried out to furnish the 5-hydroxyindole 29 when the substituent 
R on the nitrogen of the aminocrotonic acid ester was methyl, ethyl, n-propyl, isopropyl, 
or n-butyl, w-hexyl, P-cyanoethyl, p-hydroxyethyl, carbethoxymethyl, benzyl, phenyl, o- 
tolyl, dimethylaminopropyl, y-hydroxypropyl etc} 2 



>Y^, H C0 2 Et 



*0 HN CH 3 

i 
R 

15 



"txX 



COOEt 



N XH 3 
R 



29 



Additional variations of the enamine moiety that have been satisfactorily 
condensed with a p-benzoquinone (4) to form 5-hydroxyindole 31 are given in the 
following table. 



Chapter 3. Indoles 



149 



HL ^R? 






HN R 3 

Ri 
30 



HO t^cl R2 



Ri 

31 



Ri 


R 2 


R3 


Ref. 


C 2 H 5 


C0 2 C 2 H 5 


C 2 H 5 


14 


H 


C0 2 C 2 H 5 


OC 2 H 5 


18 


H 


C0 2 C 2 H 5 


C6H5 


19 


alkyl 


C0 2 C 2 H 5 


C6H5 


20,21 


H 


CN 


C6H5 


19 


C 2 H 5 


CONHCeH 


CH 3 


22 


alkyl or aryl 


COCH3 


CH 3 


23,24 


C2H5 


C0 2 C 2 H 5 
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3.9.5 Experimental Conditions 

The choice of experimental conditions exerts a major influence on the course of 
Nenitzescu procedure and thereby determines the structure of the major product. The 
mechanism demonstrated to be operative for the method can be employed to understand 
the genesis of certain anomalous products and suggests ways to avoid them, thus 
increasing the efficiency of the synthesis of 5-hydroxyindoles. 

3.9.5.1 Ratio of reactants 



H C0 2 Et 



\\ + h ; ~^ 



CI 
32 



3 C NH 2 
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CI 

32:5 = 1:1 J N 

20% CI H 

33 



C0 2 Et 
CH 3 



HO 
CHCI3, A Et0 2 C. 



H 3 C. .NH 2 
CI 

C0 2 Et 




32:5 = 1:1.5 

23% h 2 N' ^CH 3 

34 

The best yields of 5-hydroxyindoles are obtained when equimolar amounts of the quinone 
and enamine are used. An excess of enamine gives rise to non-indolic products derived 
from reaction of two enamine units and one quinone unit or the product which results 
from the initial Michael addition of the enamine to the quinone. Use of excess quinone 
has been reported less frequently, but limited studies indicate no advantage. ' When 
2,5-dichloro-l,4-benzoquinone (32) was treated with a 50% excess of ethyl 3- 



ISO 
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aminocrotonate (5), only a 1:2 adduct 34 was isolated. However, when quinone 32 was 
treated with an equimolar amount of aminocrotonate 5 the desired 5-hydroxyindole 33 
was isolated in approximately 20% yield. 9 It is worth noting that the reactions were 
carried out in different solvents and a solvent effect could be involved as well. 

3.9.5.2 Effect of solvent 

The Nenitzescu process is presumed to involve an internal oxidation-reduction sequence. 
Since electron transfer processes, characterized by deep burgundy colored reaction 
mixtures, may be an important mechanistic aspect, the outcome should be sensitive to the 
reaction medium. Many solvents have been employed in the Nenitzescu reaction 
including acetone, methanol, ethanol, benzene, methylene chloride, chloroform, and 
ethylene chloride; however, acetic acid and nitromethane are the most effective solvents 
for the process. 1 ' 2 The utility of acetic acid 19 is likely the result of its ability to isomerize 
the olefinic intermediate (9) to the isomeric (10) capable of providing 5-hydroxyindole 
derivatives. The reaction of benzoquinone 4 with ethyl 3-aminocinnamate 35 illustrates 
this effect. 19 



HL ,C0 2 Et 



kA n + PhA 



O Ph NH 2 



35 






,C0 2 Et 




N Ph 
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36 

Ph^.NH 2 



HO. 
C0 2 Et Et0 c 



H ? N 



Ph^.NH 2 



C0 2 Et 




The effectiveness of nitromethane can be attributed to its high dielectric constant, 
at least in part, which tends to promote reactions which involve electron-rich 
intermediates. It may also result from the low solubility of the indole products in 
nitromethane since the indoles precipitate out of the reaction mixture in many cases. 

3.9.6 Synthetic Applications in the Pharmaceutical Industry 



Synthesis ofLY311727 29 

LY3 11727 is an indole acetic acid based selective inhibitor of human non-pancreatic 
secretory phospholipase A2 (hnpsPLA2) under development by Lilly as a potential 
treatment for sepsis. The synthesis of LY3 11727 involved a Nenitzescu indolization 
reaction as a key step. The Nenitzescu condensation of quinone 4 with the P- 
aminoacrylate 39 was carried out in CH3NO2 to provide the desired 5-hydroxylindole 40 
in 83% yield. Protection of the 5-hydroxyl moiety in indole 40 was accomplished in H2O 
under phase transfer conditions in 80% yield. Lithium aluminum hydride mediated 
reduction of the ester functional group in 41 provided the alcohol 42 in 78% yield. 



Chapter 3. Indoles 



151 



Addition of the alcohol 42 to a solution of BF 3 »Et 2 0/TMSCN in DCM provided the 
nitrile 43 in 83% yield. Hydrolysis of nitrile 43 then furnished amide 44 in 85% yield. 
Demethylation of the methoxyindole 44 with BBr3 in DCM provided the hydroxyindole 
45 in 80% yield. This was followed by alkylation of 45 with the bromide 46 under phase 
transfer conditions to provide the phosphonate ester 47 and subsequent cleavage of the 
methyl ester by TMS-I furnished trimethylsilyl phosphonic acid 48, which upon alcoholic 
workup afforded LY311727. 
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3.9.7 Experimental 

Preparation of ethyl 2,6-dimethyl-5-hydroxyindole-3-carboxylate(50) and ethyl 2,7- 
dimethyl-5-hydroxyindole-3-carboxylate(51). 2 







^OOEt 

c + 


HO. 


<"% ( 
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w 



pn p Hn rnriP* wn ^ ,COOEt 

H-^OU 2 tt Acetone MU 

+ X 

H 2 N^CH 3 

50 51 

A solution of 3.61 kg (30.4 mol) of toluquinone 49 (practical grade) and 3.82 kg (30.4 
mol) of ethyl 3-aminocrotonate (5) in 8.4 liters of acetone was heated on a steam bath 
with stirring. When the reflux temperature was attained, a vigorous exothermic reaction 
occurred which sustained boiling for 2 h despite the application of external cooling. The 
solution was maintained at reflux temperature for an additional 3 h, and then 3 L of 
acetone were removed by distillation. The concentrate was stored at 3-5°C for 16 h and 
filtered; the pink gray filter cake was washed thoroughly with ether and dried to give 
3.425 kg of a solid. This material was stirred for 5 minutes with three successive 8 L 
portions of acetone and collected by filtration. The combined filtrates from the three 
acetone washes were concentrated to a volume of approximately 4 L and cooled to give 
1.11 kg (15.5%) of ethyl 2,6-dimethyl-5-hydroxyindole-3-carboxylate (50), mp 225- 
228°C. The dry filter cake (1.85 kg) remaining from the acetone extraction was then 
extracted with 5 L of boiling acetone for 5 minutes, and the mixture was filtered hot to 
give 0.81 kg (11.5%) of ethyl 2,7-dimethyl-5-hydroxyindole-3-carboxylate (51), mp 192- 
196°C. 
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3.10 Reissert Indole Synthesis 

3.10.1 Description 

The Reissert procedure involves base-catalyzed condensation of an o-nitrotoluene 
derivative 1 with an ethyl oxalate (2) which is followed by reductive cyclization to an 
indole-2-carboxylic acid derivative 4, as illustrated below 1 ' 2 . 




3.10.2 Historical Perspective 

In 1897, Reissert reported the synthesis of a variety of substituted indoles from o- 
nitrotoluene derivatives. 3 Condensation of o-nitrotoluene (5) with diethyl oxalate (2) in 
the presense of sodium ethoxide afforded ethyl o-nitrophenylpyruvate (6). After 
hydrolysis of the ester, the free acid, o-nitrophenylpyruvic acid (7), was reduced with 
zinc in acetic acid to the intermediate, o-aminophenylpyruvic acid (8), which underwent 
cyclization with loss of water under the conditions of reduction to furnish the indole-2- 
carboxylic acid (9). When the indole-2-carboxylic acid (9) was heated above its melting 
point, carbon dioxide was evolved with concomitant formation of the indole (10). 
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3.10.3 Mechanism 

Under basic conditions, the o-nitrotoluene (5) undergoes condensation with ethyl oxalate 
(2) to provide the a-ketoester 6. After hydrolysis of the ester functional group, the nitro 
moiety in 7 is then reduced to an amino function, which reacts with the carbonyl group to 
provide the cyclized intermediate 13. Aromatization of 13 by loss of water gives the 
indole-2-carboxylic acid (9). 
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3.10.4 Synthetic Utility 

Sodium alkoxides or potassium alkoxides generally serve as catalysts for the 
condensation of ethyl oxalate in the Reissert process. Activation of the methyl group by 
the electron withdrawal of the nitro group is required for successful base-catalyzed 
reaction of the o-nitrotoluene (1) with diethyl oxalate. For this reason electron-donor 
substituents in the o-nitrotoluene are expected to retard the reaction, whereas electron- 
withdrawing substituents should enhance the ease of proton removal to generate the 
carbanion. The reduction of the intermediate (see 7), that is, o-nitrophenylpyruvic acid, 
can be carried out with Zn/HOAc, Zn/HOAc/Co(N0 2 ) 2 , Zn-Hg/HCl, FeSC>4/NH40H, 
Fe/HCl, Fe/HOAc or Na2S204, etc. The decomposition of the indole-2-carboxylic acid is 
achieved by heating it above its melting point alone, with calcium oxide, or in the 
presence of copper powder in quinoline. Many substituted indoles have been prepared by 
the Reissert indole synthesis. ' ' 
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The Reissert procedure has been employed for the preparation of 4- and 6- 



azaindoles (see 21). 
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In contrast to the facile condensation of o-nitrotoluene with diethyl oxalate, other 
ot-alkyl nitrobenzenes are sluggish to react with diethyl oxalate or fail to react at all. It 
has been suggested that this is due both to steric and electronic factors effected by the 
alkyl group, which destabilizes the methylene group in regard to formation of the 
carbanion. 
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Butin et al. reported that the indole derivative 29 was prepared by treatment of 2- 
tosylaminobenzylfuran 25 with ethanolic HC1 in 78% yield. The furan ring served as the 
origin of a carbony] group in this modification of the Reissert procedure. 7 
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3.10.5 Experimental 
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Preparation of Ethyl indole-2-carboxylate 31 

A. Potassium salt of ethyl o-nitrophenylpyruvate(30). 

Anhydrous ether (300 mL) was placed in a 5-L, three-neck, round-bottom flask fitted 
with a 500 mL dropping funnel, a motor-driven stirrer (with seal), and a reflux condenser 
protected with a calcium chloride drying tube. Freshly cut potassium (39.1 g, 1.00 g 
atom) was added. A slow stream of dry nitrogen was passed through the flask above the 
surface of the stirred liquid, and a mixture of 250 mL of commercial absolute ethanol and 
200 mL of anhydrous ether was added from the dropping funnel just fast enough to 
maintain mild reflux. When all the potassium had dissolved, the nitrogen gas was shut 
off. The solution was allowed to cool to room temperature, and 2.5 L of anhydrous ether 
was added. Diethyl oxalate (146 g, 1.00 mole) was added with stirring, followed 10 
minutes later by addition of 137 g (1.00 mole) of o-nitrotoluene (5). The stirring was 
discontinued after an additional 10 minutes, and the mixture was poured, with the aid of a 
connecting tube, into a 5L Erlenmeyer flask. The flask was stoppered and set aside for at 
least 24 hours. The lumpy deep-purple potassium salt of ethyl o-nitrophenylpyruvate (30) 
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was separated by filtration and washed with anhydrous ether until the filtrate remained 
colorless. The yield of the air-dried salt was 204-215 g (74-78%). 

B. Ethyl indole-2-carboxylate(31 ). 

Thirty grams (0.109 mole) of the potassium salt 30 was placed in a 400 mL 
hydrogenation bottle and dissolved by addition of 200 mL of glacial acetic acid, which 
produced a yellow, opaque solution. The platinum catalyst (0.20 g) was added and the 
bottle was placed on a Parr low-pressure hydrogenation apparatus. The system was 
flushed several times with hydrogen. With the initial reading on the pressure gauge at 
about 30 p.s.i., the bottle was shaken until hydrogen uptake ceases and continued shaking 
for an additional 1-2 hours. The catalyst was removed by filtration and washed with 
glacial acetic acid. The filtrate was placed in a 4-L beaker, and 3 L of water was added 
slowly with stirring. Ethyl indole-2-carboxylate precipitated as a yellow solid. It was 
separated by filtration, washed with five 100-mL portions of water, and dried over 
calcium chloride in a dessicator. The solid 31 weighed 13.2-13.6 g. (47-51% based on o- 
nitrotoluene); m.p. 118-124°C. The dried ester could be further purified by treatment 
with activated charcoal, followed by filtration, and recrystallization from a mixture of 
methylene chloride and light petroleum ether (b.p. 60-68°C). This gave 11.3-11.7 g (41- 
44% based on o-nitrotoluene) of ethyl indole-2-carboxylate 31 in the form of white 
needles, m.p. 122.5-124°C. 
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4.1 Feist-Benary Furan Synthesis 

4.1.1. Description 

The Feist-Benary furan synthesis occurs when an a-halocarbonyl (1) reacts with a |3- 
dicarbonyl (2) in the presence of a base. The resulting product (3) is a 3-furoate that 
incorporates substituents present in the two starting materials. 




Although brorno derivatives have been used, the two most common a- 
halocarbonyl compounds for this reaction are chloroacetaldehyde and chloroacetone. 
The dicarbonyl component is typically ethyl acetoacetate or one of its derivatives. A 
variety of bases including triethylamine and potassium hydroxide can promote the 
reaction; however, the most popular base is pyridine. Conversion to the furan takes place 
either at room temperature or upon heating to 50°C with reaction times varying from four 
hours to five days and yields ranging from 30-86%. 

4.1.2. Historical Perspective 

In 1902 Feist first described the combination of chloroacetone (4) and diethyl 3- 
oxoglutarate (5) in the presence of ammonia to yield trisubstituted furan 6. 7 
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In 1911 Benary reported a modification of Feist's original procedure. He reacted 
chloroacetaldehyde (8), generated in situ from the ammonia promoted decomposition of 
1,2-dichloroethyl ethyl ether (7), with ethyl acetoacetate (9) and ammonia to yield ethyl 
2-methyl 3-furoate (10). 8 
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4.1.3. Mechanism 

The mechanism of the Feist-Benary reaction involves an aldol reaction followed by an 
intramolecular Oalkylation and dehydration to yield the furan product. 5,9 In the example 
below, ethyl acetoacetate (9) is deprotonated by the base (B) to yield anion 10; this 
carbanion reacts with chloroacetaldehyde (8) to furnish aldol adduct 11. Protonation of 
the alkoxide anion followed by deprotonation of the (3-dicarbonyl in 12 leads to 
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formation of enolate 13. Dihydrofuran 14 is produced by an intramolecular Sn2 reaction 
between the oxygen nucleophile and the carbon bearing the chloride leaving group. The 
desired furan 10 is then produced by dehydration of 14 via protonated intermediate 15. 
In the so-called "interrupted" Feist-Benary reaction the sequence does not proceed to 



yield a furan, but instead stops after the formation of dihydrofuran products like 14. It 
is also important to note that modifications of the standard experimental conditions can 
change the mechanism to favor alkylation in the first step. This produces a 1,4- 
dicarbonyl compound that then undergoes the Paal-Knorr furan synthesis (see section 
4.2). 4 ' n 
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4.1.4. Synthetic Utility 

4.1.4.1. Preparation of 2,3-disubstituted furans 

The most common use of the Feist-Benary furan synthesis is for the preparation of 2- 
substituted 3-furoates. Among these compounds, the most popular target is the furan 
originally prepared by Benary, 8 namely, ethyl 2-methyl 3-furoate (10). The only 
improvement on Benary' s synthesis is the use of pyridine as the base to shorten the 
reaction time and increase the yield. 12 A common strategy for preparing a variety of 
these 2,3-disubstituted furans is to first synthesize a derivative of ethyl or methyl 
acetoacetate and then combine it with chloroacetaldehyde using the Feist-Benary 
reaction. Furthermore, it is common to then convert the resulting ester into a carboxylic 
acid for use in a variety of subsequent transformations. For example, substituted ethyl 
acetoacetate 16 was combined with chloroacetaldehyde and pyridine to furnish furan 17 
in 70% yield. 13 Saponification of the ester yielded acid 18 and decarboxylation produced 
2-alkylfuran 19. This example highlights a general strategy for the use of the 
Feist-Benary reaction in the production of 2-substituted furans. 
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Several other 2-substituted 3-furoates have been prepared using the Feist-Benary 
reaction. The examples below highlight the preparation of substrates containing an alkyl 
group (21), 14 aryl groups (23 and 25), ,5 ' 16 and an ester group in the 2-position (27). 17 
Bisagni reported the syntheses of a variety of disubstituted furans starting with 1,3- 
diketones or 1,3-ketoesters using several different bases to furnish the target products in 
low to moderate yields (19-52%).' 
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4.1.4.2. Preparation of 2,3,4-trisubsituted furans 

Syntheses of trisubstituted furans are much less common than the disubstituted 
derivatives; only one 2,4-disubstituted 3-furoate has been prepared using the 
Feist-Benary reaction. Combination of chloroacetone (4) with ethyl acetoacetate (9) 
provides ethyl 2,4-dimethyl-3-furoate (28) in 54-57% yield. 919 The procedure for this 
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transformation is different than standard Feist-Benary conditions and involves stirring 
the reactants in cold hydrochloric acid followed by prolonged exposure to cold 
triethylamine. 
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4.1.4.3. Preparation of tetrasubstituted furans 

The only tetrasubstituted furans that have been prepared using the Feist-Benary reaction 
are substituted tetrahydrobenzofurans and octahydrodibenzofurans. This strategy was 
pioneered by Stetter and Chatterjea and applied in a series of total syntheses by Magnus. 
Stetter demonstrated that 1,3-cyclohexanedione (30) can act as the P-dicarbonyl 
component and readily combines with either 3-bromo-2-ketobutyric (29) acid or ethyl 2- 
chloroacetoacetate (32) in the presence of potassium hydroxide to yield 
tetrahydrobenzofuran derivatives 31 and 33, respectively. 20 
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Chatterjea showed that cyclic a-halocarbonyls are acceptable substrates for the 
Feist-Benary furan synthesis by combining 1-chlorocyclohexanone (34) with 1,3- 
cyclohexanedione (30) to yield octahydrodibenzofuran 35. ' 
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Magnus prepared tetrahydrobenzofuran 37 using a Feist-Benary reaction of ethyl 
2-chloroacetoacetate (32) and functionalized 1,3-cyclohexanedione 36. Compound 37 
was a key synthetic intermediate in Magnus's synthesis of linderalactone, 
isolinderalactone, and niolinderalactone. 
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4.1.5. Variations 

Several modifications of the Feist-Benary furan synthesis have been reported and fall 
into two general classes: 1) reactions that yield furan products 2) reactions that yield 
dihydrofuran products. One variant that furnishes dihydrofurans uses substrates identical 
to the traditional Feist-Benary furan synthesis with a slight modification of the reaction 
conditions. The other transformations covered in this section involve the combination of 
P-dicarbonyls with reagents that are not simple a-halocarbonyls. Several reactions 
incorporate a-halocarbonyl derivatives while others rely on completely different 
compounds. 

4.1.5.1. Preparation of furan derivatives 

Several variations of the Feist-Benary reaction furnish substituted furans as products. 
The following three examples provide synthetically useful alternatives to the standard 
reaction conditions. 23 One method is based on the reaction of a sulfonium salt with a (3- 
dicarbonyl compound. For example, reaction of acetylacetone (39) with sulfonium salt 
38 in the presence of sodium ethoxide yields 81% of trisubstituted furan 40. 24 This 
strategy provides a flexible method for the preparation of 2,3,4-trisubstituted furans. 
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A different procedure provides access to 2,3,5-trisubstituted furans. 
Deslongchamps discovered that simply heating a mixture of glyceraldehyde (41) and 
methyl acetoacetate (42) in DMF provides a high yield of furan 43. 25 Subsequent 
transformations enable selective substitution at the 2-position of the product. 
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Disubstituted furans are available from the combination of f3-dicarbonyl 
compounds with bromoacetaldehyde diethyl acetal (44). For example, dibenzoylmethane 
(45) reacts with acetal 44 to furnish 2,3-disubstituted furan 46 in 77% yield. 26 This two- 
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step reaction provides an excellent alternative to the traditional Feist-Benary protocol for 
the synthesis of 2-substituted 3-furoates. 
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4.1.5.2. Preparation of dihydrofuran derivatives 

Three other modifications of the standard conditions provide synthetically useful 
strategies for the preparation of dihydrofurans. One method, called the interrupted 
Feist-Benary reaction, utilizes milder reaction conditions to stop the final dehydration 
step. For example, Carter combined bromide 47 with dicarbonyl 48 to produce 
dihydrofuran 49 as a mixture of diastereomers. 10 He examined the scope and 
diastereoselectivity of this process 10 and applied this reaction toward the synthesis of the 
polycyclic core of the zaragozic acids. 27 A method principally designed to yield practical 
syntheses of cyclic ketodiesters also furnished a dihydrofuran via a variation of the 
interrupted Feist-Benary reaction. a 
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O Br 2 OH C0 2 ©u 
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Another procedure relies on a domino Michael-O-alkylation reaction sequence to 
yield a variety of dihydrofurans. Combination of cyclohexanedione (30) with vinyl 
bromide 50 in the presence of l,8-diazabicycIo[5.4.0]undec-7-ene (DBU) provides 
dihydrofuran 51 in 83% yield. 28 Numerous 1,3-dicarbonyls and vinyl bromides are 
amenable to this methodology, and thus a wide range of products like 51 are available via 
this strategy. 
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The final variation of the Feist-Benary furan synthesis encompasses reactions of 
1,3-dicarbonyls with 1,2-dibromoethyl acetate (52). For example, treatment of ethyl 
acetoacetate (9) with sodium hydride followed by addition of 52 at 50°C yields 
dihydrofuran 53. 29 The product can be easily converted into the corresponding 2-mefhyl- 
3-furoate upon acid catalyzed elimination of the acetate, thus providing another strategy 
for the synthesis of 2,3-disubstituted furans. 
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4.1.6. Experimental 
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2-Methyl-3-carboethoxyfuran (10): 12a 

A solution containing 150 mL of pyridine and 70.2 g of ethyl acetoacetate (9, 0.539 mol) 
was treated dropwise with 100 g of a 45% aqueous chloroacetaldehyde (8, 0.573 mol) 
solution over a period of 15 min. The mixture was allowed to stir for 4 h during which 
time the temperature rose to 50°C and then slowly subsided. After stirring overnight, the 
reaction mixture was poured into water and extracted with ether. The ether layer was 
treated with a 10% aqueous hydrochloric acid solution to wash out the remaining 
pyridine, dried over magnesium sulfate, and concentrated under reduced pressure. 
Distillation gave 68 g (86%) of 10 as a colorless oil (bp 72-75°C (7.0 mm Hg)); IR (neat) 
2980, 1720, 1605, 1430, 1415, 1300, 1235, 1190, 1160, 1130, 995, 945, 740 cm" 1 ; *H 
NMR (CDC1 3 , 360 MHz) 8 1.35 (t, 3H, J = 7.1 Hz), 2.56 (s, 3H), 4.29 (q, 2H, J = 7.1 
Hz), 6.64 (d, 1H, /= 1.9 Hz), 7.22 (d, 1H, J= 1.9 Hz). 
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4.2 Paal-Knorr Furan Synthesis 

4.2.1. Description 

Treatment of 1,4-dicarbonyls (1) with catalytic acid yields substituted furans (2) and is called the 
Paal-Knorr furan synthesis. This method is used extensively to produce a variety of mono-, di-, 
tri-, and tetrasubstituted furans. 1-6 




A multitude of 1,4-dicarbonyls (1) undergo the Paal-Knorr reaction with R 2 and R 3 
ranging from H to alkyl, aryl, carbonyl, nitrile, and phosphonate, while R 1 and R 4 vary between 
H, alkyl, aryl, trialkylsilyl, and O-alkyl. Protic acid catalysts are typically used with sulfuric, 
hydrochloric, and /?-toluenesulfonic acids the most popular. Conversion to the furan takes place 
either at room temperature or upon heating with reaction times varying from five minutes to 24 
hours and yields ranging from 17-100%. 

4.2.2. Historical Perspective 

In a series of papers in late 1884 and early 1885, Paal and Knorr demonstrated that several 1,4- 
dicarbonyls could be transformed into furans, pyrroles, and thiophenes. Paal first discovered this 
transformation and used it to prepare di-, tri-, and tetrasubstituted furans. 7 For example, 
dicarbonyl 3 yielded disubstituted furan 4 upon treatment with weak acid. 



Ph 



cat. Acid 



Ph 



w // 



Shortly thereafter, Knorr reported that combining ammonia or primary amines with 1,4- 
dicarbonyls furnished substituted pyrroles (see Section 2.2), 8 and Paal produced thiophenes by 
addition of hydrogen sulfide with 1 ,4-dicarbonyls. 9 



10 



4.2.3. Mechanism 

The mechanism of the Paal-Knorr furan synthesis was investigated by Amarnath in 1995 
After detailed kinetic studies involving the d,l and meso diastereomers of 2,3-disubstituted 1,4- 
diketones (5) the following mechanistic pathway emerged. One of the carbonyls is reversibly 
protonated by the catalytic acid to yield 6. Next, in the rate-determining step, water removes the 
proton adjacent to the unprotonated ketone which triggers simultaneous alkene formation and 
attack of the protonated ketone to form dihydrofuran 7. Protonation of the alcohol in 7 to furnish 
cation 8 followed by elimination of water produces the furan product 9 and regenerates the acid 
catalyst. This is slightly different than the standard mechanistic proposal that involved a two- 
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step conversion of 6 to 7 via an enol intermediate. It is important to note that this initial 
hypothesis was made with little supporting evidence. Amarnath's data was inconsistent with the 
formation of the enol intermediate, thus the mechanism was revised to the version illustrated 
below. 



H,0 + 



R R 
5 




slow 



h 3 o+ + y( 

R R 
9 



H0 }— {"" + H 3° + 




4.2.4. Synthetic Utility 

4.2.4.1. Preparation of 2-substituted furans 

Although nearly all Paal-Knorr condensations produce di-, tri-, or tetrasubstituted furans, it is 
possible to use this reaction to generate monosubstituted furans. Molander demonstrated the 
utility of this method with his synthesis of 2-(methyldiphenylsilyl)furan (11) from dicarbonyl 
10. 12 



Ph 2 MeSi 



HCI 



10 



THF 
room temp, 1 6 h 

75% 



/O SiMePh 2 
11 



4.2.4.2. Preparation of 2,5-disubstituted furans 

The most common use of the Paal-Knorr condensation begins with a 1 ,4-diketone and yields a 
2,5-disubstituted furan. This method has been used to produce dialkyl and disilyl furans; 
however, the most popular use of this strategy is for the production of 2,5-diaryl furans. In 
addition to their utility as synthetic intermediates, these compounds are under investigation for 
novel electronic and pharmaceutical applications. 

For example, treatment of dione 12 with hydrochloric acid yielded furan 13, a key 
synthetic intermediate for the production of a variety of compounds that were recently 
investigated for anticancer activity. 13 Related inquiries by members of the same research team 
identified furans derived from 15 as potential treatments for RNA viruses. Furan 15 was 
prepared by condensation of dione 14 with catalytic sulfuric acid in refluxing acetic anhydride. 14 
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12 



14 



OCH, 




HCI 



to 25°C, 2h 
89% 

cat. H 2 S0 4 
» 

Br Ac 2 0, reflux, 5 min 
75% 




13 



15 



OCH, 




Several other research teams used the Paal-Knorr condensation to prepare 2,5- 
disubstituted furans that were investigated as potential enzyme inhibitors. Nagai produced furan 
17 via treatment of dione 16 with sulfuric acid and subsequently examined the activity of 17 
toward a retenoic acid receptor. 15 Perrier discovered that furan 19, derived from dione 18, is a 
potent PDE4 inhibitor and may have anti-inflammatory activity 



16 




C0 2 Me 



cat. H 2 S0 4 



room temp, 15 h 
63% 




17 



C0 2 Me 




18 



TsOH 



toluene, 100°C 




19 



Julia investigated the behavior of terfuran 22 and bis(thienyl)furan 23 by cyclic 
voltammetry as well as the EPR spectra of the radical cations derived from these two 
compounds. Condensation of the diketone 20 with sulfuric acid furnished furan 22 in 18% yield, 
while reaction of diketone 21 with hydrochloric acid produced 23 in 84% yield. 17 In a related 
report, Luo prepared oligomeric bis(thienyl)furans via similar methodology. 18 




20X = O 
21X = S 



cat. H 2 S0 4 or HCI 

Ac 2 0, room temp, 
0.5-4 h 




22X = 18% 
23X = S 84% 
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Jones and Civcir prepared a variety of alternating oligomeric furan:pyridine compounds 
and studied their 13 C NMR chemical shifts as well as the pKa values for the corresponding 
conjugate acids. All of these compounds were synthesized by Paal-Knorr reactions of 1,4- 
diketones with hot polyphosphoric acid. A representative example is the conversion of 24 into 
25 in 82% yield. 19 




24 



polyphosphoric acid 
1 30-1 70°C, 4-6 h 

82% 




25 



Ibers used the Paal-Knorr furan synthesis to prepare a key intermediate for the synthesis 
of novel porphyrin-like aromatic macrocycles. Bis(pyrolyl)furan 27 was available in good yield 
via the acid catalyzed condensation of diketone 26. 2 



Et0 2 C 




cat. H 2 S0 4 



C0 2 Et _ 
H EtOH, reflux, 8h 

88% 



Et0 2 C 



26 




C0 2 Et 



The Paal-Knorr furan synthesis can also be used to prepare 2,5-arylalkylfurans, as 
illustrated in the following example. Salimbeni produced furan 29 from dione 28 and 
subsequently used the furan as an intermediate for the production of angiotensin II receptor 
antagonists. 1 



Br 




28 



cat. TsOH 



benzene, 
reflux, 12 h 

70% 




29 



A variety of 2,5-dialkylfurans are available via the Paal-Knorr condensation; cyclization 
is possible for both hindered and unhindered 1,4-diketones. Fleming prepared 2-cyclohexyl-5- 
methylfuran (31) in 91% yield via treatment of dione 30 with catalytic p-toluenesulfonic acid in 



22 



refluxing benzene. Using the same methodology, Denisenko synthesized furan 33 in 35% yield 
from the corresponding dione (32). 23 
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30 



cat. PTSA 

) 

benzene, 
reflux, 1 h 

91 % 




31 



AcO' 




32 



cat. PTSA 

» 

benzene, 
reflux, 10 h 

35% 



AcO' 




33 



During studies of Horner-Wittig reactions, Warren prepared a furan incorporating i 
phosphine oxide using the Paal-Knorr reaction. Cyclization of dione 34 mediated by Amberlysi 
resin furnished furan 35 in excellent yield. 24 This strategy of using Amberlyst as the acic 
catalyst in the Paal-Knorr condensation originated with Scott and his report of a facile methoc 
for the production of 2,5-dimethylfuran (37) from 2,5-hexanedione (36). 25 Furan 37 has alsc 
been prepared from dione 36 using butyltin trichloride as the catalyst. 26 



O 
PhoP 



n-Bu 



34 



Amberlyst 



toluene, 
reflux, 24 h 

96% 



n-Bu 



Ph 2 P 
O 



a 




\\ // 



35 



36 



Amberlyst 




v> 


heat 




\J 


96% 




37 



Portella reported the Paal-Knorr condensation of l,4-bis(acylsilanes) 38 in the presenci 
of p-toluenesulfonic acid to yield a variety of 2,5-disilylfurans 39. Presumably due to sterii 
constraints, bis(acylsilanes) substituted in the 2-position failed to undergo the Paal-Knor 
reaction to provide any of the expected trisubstituted furan products. 



R 3 Si 



SiR's 



38 



cat. PTSA 



heat 
61-71% 



RsSiv^O Sj R . 5 

\J 

39 
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4.2.4.3. Preparation of 2,3-disubstituted furans 

Although it is far more common to synthesize these substrates using the Feist-Benary reaction 
(Section 4.1), the Paal-Knorr reaction can also be used to prepare 2,3-disubstituted furans. In a 
recent example, Castagnoli converted 1,4-ketoaldehyde 40 into furan 41 in 97% yield upon 
exposure to hot sulfuric acid. 28 




40 



H 2 S0 4 



THF, H 2 0, 
55°C, 15 h 



97% 




41 



4.2.4.4. Preparation of 2,4-disubstituted furans 

Other less common products of the Paal-Knorr condensation include 2,4-disubstituted furans. 
An example of such a reaction is Molander's combination of dicarbonyl 42 with hydrochloric 
acid to furnish 4-methyl-2-(methyldiphenylsilyl)furan (43) in 87% yield. 2 It is important to note 
that this methodology can also be used to produce 2,5- and 2,3-disubstituted furans. 12 



Ph 2 MeSi 




HCI 



42 



THF 
room temp, 1 6 h 

87% 



^O SiMePh 2 

w Y 




43 



4.2.4.5. Preparation of 2,3,5-trisubstituted furans 

A multitude of 2,3,5-trisubstituted furans are available via the Paal-Knorr condensation. As 
with the synthesis of disubstituted furans, the scope of this version of the reaction is broad and 
includes incorporation of aryl, alkyl, ester, and phosphonate substituents. 

Not surprisingly, based on the bioactivity of diaryl furans discussed in section 4.2.4.1, 
triaryl furans have also been investigated as enzyme inhibitors. De Laszlo prepared several 
2,3,5-triarylfurans via the Paal-Knorr reactions (for example 44 to 45) and tested these 
compounds for their activity toward P38 kinase. 




TsOH 



toluene, reflux 
100% 



44 




Diaryl bisfurans are available from two sequential Paal-Knorr reactions of tetraketones. 
For example, Barba converted 46 into 3,3'-bis-2,5-diphenylfuran (47) in good yield upon 
treatment with sulfuric acid and acetic anhydride. 
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cat. H 2 S0 4 

Ac 2 0, 1 5 min 

82% 



PhPh 




47 



Ryder reported the preparation of an interesting alkyl diaryl furan that was subsequently 
polymerized and studied as a conducting polymer. The monomer furan 49 was available frorr 
the acid catalyzed cyclization of dione 48. 31 




HCI 



Ac 2 



62% 




A recent report demonstrates that trisubstituted furans can be prepared on a solid supporl 
using the Paal-Knorr condensation. Raghavan synthesized a variety of triaryl and alkyl diary] 
furans, one of which is highlighted below. Dione 50 was cyclized using p-toluenesulfonic acid 
in refluxing toluene followed by cleavage from the solid support to yield furan 51. 32 




1 ) PTSA, toluene, 

reflux, 24 h 
, 

2) 25% TFA/CH 2 CI 2 

70% 



50 




Several groups have used the Paal-Knorr reaction to synthesize trialkylfurans. Ballini 
prepared a series of 3-alkyl-2,5-dimethylfurans (53) in 60-94% yield by treatment of the 



corresponding diones (52) with tosic acid. Weirsum produced the sterically congested tri-t- 
butylfuran 55 from dione 54, but was unable to use the same strategy to furnish the tetra-f-butyl 
derivative. 34 



O 




TsOH 



.0. 



O 



52 



Et 2 0, reflux 



60-64% 



X. 



53 



Chapter 4. Furans 



175 




cat. TsOH, benzene, reflux 
or 

P 2 5 , 180°C 




54 



55 



Neier recently developed two interesting furan syntheses based on a combination of the 
Feist-Benary reaction (section 4.1) and the Paal-Knorr reaction. The first step involves the 
combination of f-butylacetoacetate (56) with an oc-haloketone in the presence of sodium hydride. 
The resulting tricarbonyl (e.g., 57) can either be treated with trifluoroacetic acid to yield a 3- 
acetoxy-2-hydroxyfuran or with another equivalent of sodium hydride followed by addition of a 
different bromoalkane to yield a more highly substituted dione ester (e.g., 58) that cyclizes upon 
exposure to trifluoroacetic acid. For example, trialkylfuran 59 can be prepared in three steps 
from 56 with the final Paal-Knorr reaction proceeding in 67% yield, or tricarbonyl 57 can be 
converted directly into furan 60 in 67% yield. 35 As one would expect, trifluoroacetic acid 
catalyzes both the deprotection of the /-butyl ester and the Paal-Knorr cyclization. Successful 
formation of furan 59 also necessitates a decarboxylation reaction to allow complete unsaturation 
in the furan ring. Interestingly, treatment of 57 with TFA does not furnish a product resulting 
from reaction of the 1,4-diketone moiety. The furan product 60 is formed by attack of the 
carboxylic acid, available upon liberation of the /-butyl protecting group, on the only ketone 
present enabling formation of a five-membered ring. 




NaH, then 



fBuCX) Br^^JL 



Ph 



56 



95% 





TFA 



room temp, 1 h 
67% 
NaH, then 




60 



TFA 



59 



CH 2 CI 2 , THF 
overnight, room temp 

67% 




Both 2,5-dialkyl-3-furoates and 2,5-dialkyl-3-phosphonofurans can be produced using the 
Paal-Knorr reaction. Methyl 2,5-diisopropyl-3-furoate (62) is available upon treatment of dione 
61 with sulfuric acid. 36,37 Phosphonodiones 63 can be efficiently converted into 2-substituted-3- 
diethylphosphono-5-methylfurans 64 by exposure to Amberlyst in refluxing toluene. 38 ' 39 
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CUX) 




61 



o°V R 



J^ 



P(OEt) 2 
O 



H 2 S0 4 



63 



relux, 1 h 
83% 

Amberlyst 

toluene, 
reflux, 6 h 

85-95% 




C0 2 Me 
62 

Or 

q 

,P(OEt) 2 
O 

64 




4.2.4.6. Preparation oftetrasubstitutedfurans 

The Paal-Knorr reaction offers an excellent method for the preparation of tetrasubstituted furans; 
however, it does not work for some sterically congested substrates. Similar to di- and 
trisubstituted furans mentioned previously, tetrasubstituted furans have been investigated for 
biological acitivity. Katzenellenbogen has prepared numerous alkyl triarylfurans by the 
Paal-Knorr condensation (e.g. 65 to 66) and investigated their activity toward the estrogen 
receptor a. 



40 



MeO 




OMe 



MeO 



p-TsOH 

j 

toluene 
98% 




OMe 



MeO 



66 



Several groups have employed the Paal-Knorr condensation for the preparation of 
disubstituted diarylfurans. Miyashita converted dione 67 into 3,4-disubstituted-2,5-diarylfuran 
68 in good yield using standard Paal-Knorr conditions. 41 Lai demonstrated that 2,5- 
disubstituted-3,4-diarylfurans like 70 are available from dione 69 upon exposure to phosphorous 
pentoxide. 42 



O CN 




p-TsOH 



benzene, 
reflux, 6 h 




67 



85% 



68 
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P,Q 



2^5 



THF, EtOH 
reflux, 1 h 




72% 



70 



Tetraalkylfurans can be prepared via the Paal-Knorr reaction. For example, Muramatsu 
synthesized 2,5-diethyl-3,4-bis(trifluoromethyl)furan (72) in 94% yield by treatment of dione 71 
with sulfuric acid. 43 



O CF 3 



H 2 S0 4 



CF 3 O 
71 



94% 



A 

H 

F 3 C CF 3 
72 




It is also possible to use the Paal-Knorr condensation to prepare 2,5-dialkyl-3,4- 
dicarbonyl substituted furans. For example, Zaleska converted diketone 73 into furan 74 in 92% 
yield, 44 and Pan treated tetracarbonyls 75 with p-toluenesulfonic acid to furnish furans 76 in 
excellent yields. 45 




H 2 S0 4 



EtOH 
room temp, 1 h 



92% 




74 




PTSA 



benzene 
reflux, 8 h 

85-95% 




75 



76 
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4.2.5. Variations 

Numerous variations of the Paal-Knorr condensation are known. The most popular methods use 
starting materials that are converted to 1 ,4-dicarbonyls in situ and cyclize to yield furan products 
without isolating their dicarbonyl precursors. Other more specialized strategies have been 
developed for the preparation of heterosubstituted furans. 

A common approach starts with a protected 1,4-dicarbonyl and unmasks the requisite 
carbonyl using acid, thus facilitating the Paal-Knorr reaction immediately upon deprotection. 
For example, Nagai used sulfuric acid to convert acetal 77 into 2,4-disubstituted furan 78 albeit 
in low yield. 15 Molander produced a different 2,4-disubstituted furan by a similar strategy. 
Thioketal acetal 79 was treated with mercury(II) chloride and furnished furan 80 in 71% yield. 12 
Thus this strategy provides a useful approach for the synthesis of a variety of 2,4-disubsituted 
furans. 



C0 2 Me 




H 2 S0 4 



room temp, 12 h 
17% 




78 



C0 2 Me 



S 
Ph 2 MeSi 




HgCI 2 



O 



acetone 
room temp, 24 h 



79 



71% 



80 



A less obvious method for the preparation of 2,4-disubstituted furans involves th< 
treatment of epoxyketones like 81 with catalytic p-toluenesulfonic acid and their rearrangemen 
to furans (for example 82). Cormier developed this method, which presumably involves a 1,4 
diketone intermediate, and works for a variety of epoxyketone derivatives to yield othe 
disubstituted furan isomers as well as 2,3,5-trisubstituted furans. 46 



O 



O 



81 



PTSA 



100°C, 2h 
100% 



H 



82 



Another variation of the Paal-Knorr condensation involves starting with a derivative o 
2-butene-l,4-dione and performing a reduction prior to the cyclization reaction. For example 
Rao has recently reported that trisubstituted furans 84 can be produced in high yield upo: 
treatment of diones 83 with formic acid, catalytic sulfuric acid, catalytic palladium on carbor 



47 



and exposure to microwave irradiation. Haddadin used a similar strategy to produce seven 
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tri- and tetrasubstituted furans, however, he used triethylphosphite as the reductant. A 
representative example involves the conversion of dione 85 into 2,3,5-triphenylfuran (86) in 66% 
yield 48 



Ar 



Ar 



HCOOH, 5% Pd/C 

cat. H 2 S0 4 

j 

PEG-200, uv 
1-5 min 







R 



83 



84-96% 



84 




P(OEt) 3 



85 



triglyme 
reflux, 2-3 h 

66% 




86 



Perumal investigated a novel variation that involved the combination of a Vilsmeier 
reaction with a Paal-Knorr condensation. Reaction of 3-benzoylpropionic acid (87) under 
Vilsmeier conditions furnished chloroformylfuran 88 in 75% yield, while reaction of 
acetonylacetone (89) provided formylfuran 90 in 60% yield. 49 




0H DMF, POCI 3 



87 



90°C, 3 h 
75% 




OHC 



88 



89 



DMF, POCI3 



0°C, 2 h 
60% 



w // 




OHC 



90 



Ketoamides can participate in a variation of the Paal-Knorr condensation to yield 5- 
alkyl-2-aminofurans. Boyd described the cyclization of 1,4-ketoamides 91 upon exposure to 
acetic anhydride and perchloric acid to yield imminium salts 92 that furnished aminofurans 93 
after treatment with triethylamine. 50 
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o 



NFT 



91 



HCIO4 



Ac 2 
29-97% 



\Y — - \j 

92 87 " 100% 93 



4.2.6. Experimental 




30 



cat. PTSA 
1 

benzene, 
reflux, 1 h 

91 % 




31 



2-Cyclohexyl-5-methylfuran(31): 21 

p-Toluenesulfonic acid (70 mg) and l-cyclohexylpentane-l,4-dione (0.64 g, 3.5 mmol) (30) were 
refluxed in benzene (100 mL) with a Soxhlet extractor containing molecular sieves (4 A) for 1 h. 
The solvent was evaporated and the residue was dissolved in diethyl ether (50 mL), washed with 
aqueous sodium bicarbonate (saturated, 20 mL), dried over potassium carbonate, filtered through 
silica, and evaporated to yield the furan (0.53 g, 91%) (31); R f (hexane/EtOAc, 6:1) 0.67; IR 
(neat) 3120, 2940, 2860, 1620, 1570 cm _1 ; *H NMR (CDC1 3 , 250 MHz) 5 1.17-1.43 (m, 5H), 
1.58-1.78 (m, 3H), 1.82-2.02 (m, 2H), 2.24 (d, 3H, / = 0.5 Hz), 2.5 (m, 1H), 5.80 (d, 1H, J = 3.1 
Hz), 5.83 (dd, 1H, 7 = 1.0, 3.1 Hz). 
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5.1 Fiesselmann Thiophene Synthesis 

5.1.1 Description 

The Fiesselmann thiophene synthesis involves the condensation reaction of thioglycolic 
acid derivatives with a,P-acetylenic esters, which upon treatment with base results in the 
formation of 3-hydroxy-2-thiophenecarboxylic acid derivatives. 



O 1 . piperidine (cat.) 

Me0 2 C-^^— C0 2 Me + uc U 

"^^OCHa 2. NaOMe 




5.1.2 Historical Perspective 

Soon after the 1946 report by Woodward on the condensation of thioglycolic acid and 
a,(3-unsaturated esters in the presence of base to produce structures like 2-carbomethoxy- 
3-ketotetrahydrothiophene 4, 1 Fiesselmann extended this reaction to a,P-acetylenic esters 
for the direct preparation of 3-hydroxy-2-thiophenecarboxylic acid derivatives. 2 

O 
O 1.piperidine,2 r^f 

H 3 CCr^^ 2. NaOMe S^^f 

4 O 



3 



In subsequent years, Fiesselmann illustrated the applicability of this reaction for a 
number of related carbonyl systems. Thus, thiophenes have been produced from 
reactions of thioglycolic acid derivatives and (3-keto esters, <x,P-dihalo esters and a- and 
P-halovinyl esters, along with the corresponding nitriles, ketones and aldehydes. All of 
these starting materials display the same oxidation state at the P-carbon as demonstrated 
in the original studies using <x,p-acetylenic esters. Furthermore, a variety of a- 
mercaptocarbonyl systems can be used in place of the thioglycolic acid derivatives, 
further extending the applicability of this reaction. 

Unfortunately, much of Fiesselmann' s work was documented only in patents and 
doctoral theses, allowing for the rediscovery of this classic reaction in recent years. 3 In 
fact, as late as 1997, the Fiesselmann reaction of 5 with methylthioglycolate was 
rediscovered as a novel, tandem Michael addition/intramolecular Knoevenagel approach 
to thiophenes such as 6. 4 
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EtO 



1.2,THF,0°C 



2. CsC03/MgS0 4 (1 :2) 
MeOH, 0°C - r.t. 
83% yield 




BO ^ I, 
6 Ph 



C0 2 Me 



5.1.3 Mechanism 

The mechanism of the Fiesselmann reaction between methylthioglycolate and a,(3- 
acetylenic esters proceeds via consecutive base-catalyzed 1,4-conjugate addition 
reactions to form thioacetal 7. 2 ' 5 Enolate formation, as a result of treatment with a 
stronger base, causes a Dieckmann condensation to occur providing ketone 8. 
Elimination of methylthioglycolate and tautomerization driven by aromaticity provides 
the 3-hydroxy thiophene dicarboxylate 9. 
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5.1.4 Synthetic Utility 

5.1.4.1 With a,fl-acetylenic carbonyl derivatives 

Numerous examples exist in which a,0-acetylenic esters, 2 ' 3,5-9 ketones, 4 ' 10 aldehydes, 11 
and nitriles 12 have been converted to the corresponding thiophene. One such notable 
example was utilized in conjunction with efforts to explore the biological activity of the 
designed antitumor agent golfomycin A (10a: R = H). 10 In order to evaluate the Michael 
acceptor capability of golfomycin A, 10b (R = TBS) was treated with methyl 
thioglycolate and DBU. Nucleophilic addition of the thioglycolate was rapid, 
presumably eliminating considerable ring strain, followed by cyclization to provide 11 
(55%) and thiophene 12 (20%). Dehydration to the thiophene is thought to reintroduce 
considerable ring strain in the formation of 12. 




"OR 
10a R = H 

10b R = TBS 



HSCH 2 COOMe, DBU 



THF, 10°C 



Me0 2 C 




Me0 2 C, 




11 (55% yield) 



12 (20% yield) 



The cyclization with a,p-unsaturated nitriles has proven effective for the synthesis 
of 3-aminothiophene 14, a key intermediate for the synthesis of p38 kinase inhibitors. 12 
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13 



-CN 



HSCH 2 CQ 2 Me 



NaOMe 
68% yield 




W // 

14 S NH 2 



C0 2 Me 



5.1.4.2 With p-halo-a,p-unsaturated carbonyl derivatives 

The Fiesselmann reaction has been extensively used with p-halovinyl esters, 3 ' 13 
ketones, 3 ' 14 aldehydes 3 ' 15-21 and nitrites 3 ' 22-31 as reaction partners for thioglycolic acid and 
its derivatives. This reaction with P-halovinyl aldehydes has been extensively explored 
as a result of the availability of P-chloro-a,P-unsaturated aldehydes via the Vilsmeier 
formylation of ketones. 32 The preparation of 15, 17 16, 15 17 21 and 18 18 with P- 
halovinylaldehydes prepared by this two-step process speaks to its generality. 






POCI 3 , DMF 



PIT 



CI 



XT 



HSCH 2 CQ 2 Me | 

K 2 C0 3 , 

CH 3 CN 

55% yield 




C0 2 Me 



C0 2 Et 




OAc 



Et 3 N, pyr 

45-50°C 
92% yield 



C0 2 Me 



This reaction has recently been exploited for the synthesis of 2,3- 
diarylthiophenes. 33 Thus, P-chloro-a,P-unsaturated aldehyde 19 underwent reaction with 
ethylthioglycolate to produce 20. The production of 20 by this method enabled the 
synthesis of a number of derivatives for investigations of their use as anti-inflammatory 
agents. 
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MeS 




CHO 



HSCH 2 C0 2 Et, Et 3 N 
60% yield 



MeS 



0?N 




C0 2 Et 



Another frequently utilized variation of this theme involves the cyclization of 
thioglycolate esters with P-halovinylnitriles to efficiently provide 3-aminothiophenes in 
good yield. Examples of typical starting nitriles are especially prevalent in aromatic and 
heteroaromatic compounds where the halogen leaving group and the nitrile are disposed 
in an ortho relationship. Mechanistic considerations would suggest a process of 
nucleophilic aromatic substitution which would be facilitated by an electron deficient 
aromatic system for initial halogen displacement. The reaction has been exploited for the 
synthesis of heterocycles 21 26 and 22 27 with potential medicinal chemistry applications. 






CC 



o 

HS^X 



OEt 



NaH, DMSO 
89% yield 



|| J ^C0 2 Et 




21 



NH, 



F AA F 



CN 



HS 



OCH 3 



LiOH, DMF 
-10°C-r.t. 




NH 2 



C0 2 Me 



22 



5.1.4.3 With a,fi-dihalo- or a-halo-a,fi-unsaturated carbonyl derivatives 

A significant number of examples exist in which a,P-dihalogenated carbonyl derivatives 
undergo reactions with thioglycolates in the presence of base to produce thiophenes. 3,34 
The reactions have been shown to occur through intermediate a-halo-a.P-unsaturated 
carbonyl derivatives produced by the elimination of HX. 3 Thus the use of a-halo-a,p- 
unsaturated carbonyl systems in place of the a,P-dihalocarbonyl compounds was found to 
efficiently provide thiophenes upon reaction with thioglycolates. In a modification of the 
work of Fiesselmann, readily accessible methyl-2-chloroacrylate 23 and 2- 
chloroacrylonitrile 24 have been used in this sense to provide 25 and 26, respectively. 34 



CI 

23, R = C0 2 CH 3 

24, R = CN 


HSCH 2 C0 2 CH 3 


ff >-C0 2 CH 3 


CH 3 ONa, CH 3 OH 


X 

25, X = OH (77% yield) 

26, X = NH 2 (68% yield) 
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5.1.4.4 With 1,3-dicarbonyl compounds 

A significant number of examples exist in which 1,3-dicarbonyl derivatives undergo 
reaction with thioglycolates to produce thiophenes. 3 ' 35-40 Such reactions are particularly 
effective when used in conjunction with P-ketoesters, as demonstrated by the preparation 
of27. 37 



Oi. 



1.HSCH 2 CQ 2 H 

HCI, EtOH 

2. NaOEt, EtOH 

86% yield 



S^^C0 2 Et 
27 




Complications often arise in the use of 1,3-diketones under the above reaction 
conditions. This is primarily due to the lack of regioselectivity with regard to formation 
of the intermediate thioacetal. However, when benzoyl acetone derivatives are 
employed, the thioketal forms preferentially with the aromatic ketone. 3 

An exceptional demonstration of this reaction is illustrated by the synthesis of a 
novel class of thienomorphinans, potent 5-opiod receptors (K\ ~ 1.4 - 2.0 nM) with 
increased lipophilicity over the corresponding pyrrolomorphinans. 39 Treatment of the 
diketone 28 under the conditions described by Lissavetsky 37 resulted in intermediate 29, 
which upon exposure to base, cyclized to yield 30. Notably, this reaction proceeded with 
complete regioselectivity in the formation of intermediate thioether 29, and thus resulted 
in the formation of a single regioisomer 30. 




HSCH 2 C0 2 H 

.,,,- „ ......,. ■ » 

HCI, MeOH 




CO2CH3 



NaOMe 
MeOH* 




5.1.4.5 With other carbonyl derivatives 

In a manner analogous to reactions with P-halo-a,p-unsaturated carbonyl derivatives, 
numerous other leaving groups can be utilized in place of the halogen. Among the 



substituents employed are dimethylamino,* 1 nitro,*^ - ** and ketones bearing P- 



41 
45,46 



42-44 



triethylammonium, and p-thio substituents. A number of antileishmanial and 

antifungal agents similar to 31 were prepared in this manner. 46 




HSCHzCOOR,, DMF, KOH 



RtOOC 



H3CS SCH3 



S 



-SCH, 



31 



R 
4-FC 6 H 4 
4-CIC 6 H 4 
4-BrC 6 H 4 
4-CH 3 C 6 H 4 
3-C 5 H 4 N 
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This method has also been applied to the preparation of 4-fluorinated thiophenes 
such as 32. 45 

1 -2MeQ 2 C^Se fVoo* 

CH 3 DMSO, 70°C F y \ 

Ph<;^ 2. H + , HgO CH3 

73% yield 32 

5.1.4.6 With other a-mercapto derivatives 

While the majority of examples of the Fiesselmann reactions found in the literature 
involve thioglycolic acid or the corresponding thioglycolates, the scope of this reaction 
has been expanded to a variety of other a-mercaptocarbonyl derivatives. 3 Some 
examples include a-mercapto aldehydes, 7,47 ketones, 7 ' 14 ' 47 ' 48 and amides. 23,29 Notably, 
when compound 33 is treated with 2-mercaptoacetamide, compound 34 was produced in 
48% yield. 29 



c 'n_S V HS ^NH 2 Q S^-S , 

TV* NaOB,BOH " ^Kl^ 

NC^N 48%yield H 2 N r 

33 34 



5.1.5 Experimental 




& 



g/~~C0 2 lvle 
36 

Methyl 4,5,6,7-tetrahydrobenzo[c]thiophene-l-carboxylate(36): 38 

To a magnetically stirred mixture of 2-oxocyclohexanecarboxaldehyde 35 (3.6 g, 28 
mmol) and methyl thioglycolate (6.0 g, 56 mmol) was added 3 drops of concentrated 
H2SO4. The resulting yellow solution was stirred at it for 12 h, diluted with 25 mL of 
ice-water, and extracted with CH2CI2 (25 mL). The aqueous phase was extracted with an 
additional 25 mL portion of CH2CI2, and the combined organic phases were washed with 
50 mL of a saturated aqueous NaCl solution and dried over Na2S0 4 . Removal of the 
drying agent by filtration followed by evaporation in vacuo gave a viscous yellow oil 
which was dissolved in 25 mL of MeOH and added dropwise over 1 h to a freshly- 
prepared solution of NaOMe (from 1.7 g, 2.5 equiv of sodium metal) in 100 mL of 
MeOH. The deep orange solution was allowed to stir overnight (12 h), concentrated to 
one-quarter volume in vacuo, and partitioned between CH2CI2 (50 mL) and water (50 
mL). The aqueous phase was extracted with an additional 25 mL portion of CH2CI2, and 
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the combined organic phases were washed with 50 mL of a saturated aqueous NaCl 
solution and dried over Na 2 S04. The drying agent was removed by filtration and the 
filtrate concentrated in vacuo to afford a yellow oil which was purified by 
chromatography on silica using 5% EtOAc in hexanes as eluent to give 1.5 g (27%) of a 
clear, colorless liquid: *H NMR (CDC1 3 , 300 MHz) 5 1.73 (m, 4H), 2.68 (t, 2H, / = 6.2 
Hz), 3.02 (t, 2H, / = 6.2 Hz), 3.83 (s, 3H), 7.05 (s, 1H); 13 C NMR (CDC1 3 , 75.6 MHz) 5 
22.5, 22.5, 26.2, 26.6, 51.2, 125.1, 125.1, 139.8, 146.4, 162.9; IR (NaCl) 3088, 2935, 
2848, 1698, 1538 cm" 1 ; MS m/e (relative intensity) 196 (99), 181 (15), 165 (55), 137 (92); 
HRMS calcd for Ci Hi 2 O 2 S: 196.0557, found: 196.0557. 

/ Br _/S C o 2 Et 

fi . cpr 

37 38 

Ethyl thieno[3,2-6]thiophene-2-carboxylate (38): 16 

3-Bromothiophene-2-carbaldehyde 37 (25.71 g, 134.0 mmol) was added to a stirred 
mixture of ethyl-2-sulfanyl acetate (14.8 mL, 16.22 g, 135.0 mmol), potassium carbonate 
(25.0 g) and N, iV-dimethylformamide (250 mL) at ambient temperature and the resulting 
mixture was stirred for a further 72 h. The mixture was then poured into water (500 mL) 
and extracted with dichloromethane. The combined extracts were dried (MgSCU), and 
filtered, and distillation of the solvents under reduced pressure gave the ester 38 (23.0 g, 
81%): bp (Kugelrohr distillation) 120-125°C at 0.1 mm Hg; Won" 1 1707 (CO); *H 
NMR 5 H 1.37 (3H, t, J 7.0, Me), 4.34 (2H, q, J = 7.0, CH 2 ), 7.24 (1H, d 7 6>5 = 5.0, H-6), 
7.55 (1H, d, J 5 ,6 5.0, H-5) and 7.97 (1H, s, H-3); MS: m/z 247 (M+ + 1, 35%) Anal. Calcd 
for C 9 H 8 S 2 2 : C, 50.9; H, 3.8; S, 30.2. Found: C, 51.1; H, 3.9; S, 30.6. 
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5.2 Gewald Aminothiophene Synthesis 

5.2.7 Description 

The Gewald aminothiophene synthesis involves the condensation of aldehydes, ketones, 
or 1,3-dicarbonyl compounds 1 with activated nitriles such as malononitrile or 
cyanoacetic esters 2 and elemental sulfur in the presence of an amine to afford the 
corresponding 2-aminothiophene 3. 1 " 3 




R-i, R 2 = H, alkyl, aryl, heteroaryl, C0 2 R 
X = CN, C0 2 R, COPh, CO-heteroaryl, CONH 2 

5.2.2 Historical Perspective 

In 1966, German chemist Karl Gewald reported that aliphatic ketones, aldehydes, or 1,3- 
dicarbonyl compounds reacted with activated nitriles and sulfur in the presence of an 
amine at room temperature to give 2-aminothiophenes. 4-7 Cyclohexanone 4 and 
malononitrile 5 reacted to form 2-aminothiophene 6 in 86% yield. In an alternate 
procedure, the ketone and nitrile were combined to form the acrylonitrile compound 7, 
which was then combined with sulfur and an amine to give thiophene 6 in 90% yield. 
Other aliphatic ketones and aldehydes gave similar results. In addition, several examples 
of aryl ketones and aldehydes were also reported. When 1,3-dicarbonyl compounds were 
investigated as starting materials, the corresponding 2-aminothiophenes were obtained in 
lower yields. 

Cf ♦ < CN Sa/Amine . OrC 

K^ CN EtOH \^ s ^ NHz 
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CN 
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5.2.3 Mechanism 

The first step in the Gewald reaction is a Knoevenagel condensation of an activated 
nitrile with a ketone or aldehyde to produce an acrylonitrile 8, which is then thiolated at 
the methylene position with elemental sulfur. The sulfurated compound 9 initially decays 
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to the mercaptide compound 10, which then undergoes a cyclization reaction via 
mercaptide attack at the cyano group to provide 11. Base-catalyzed tautomerization 
affords the 2-aminothiophene 3. 8 
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5.2.4 Variations and Improvements 

Regioselectivity of the Gewald aminothiophene reaction is variable when an 
unsymmetrical ketone is used as a starting material, particularly when both the a- and oc'- 
protons of the ketone are sterically accessible. Originally, Gewald circumvented this 
problem by first preparing oc-mercaptoketones 12 which then underwent the cyclization 
reaction in the presence of base to give the corresponding aminothiophenes 13. 9 ' 10 
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Because a-mercaptocarbonyl compounds are unstable and difficult to prepare, 
this method has been little used. Several groups 11-13 have demonstrated that ketones with 
a leaving group in the oc-position undergo the Gewald reaction regioselectively to give a 
single isomer of the 2-aminothiophene. In these procedures, introduction of the sulfur 
atom occurs through nucleophilic displacement of the leaving group with sodium sulfide. 
In one example, condensation of 5-methyl-2-hexanone 14 with ethylcyanoacetate 15 in 
the presence of sulfur and an amine afforded a mixture of two isomeric aminothiophene 
compounds 16 and 17. However, when 3-bromo-5-methyl-2-hexanone 18 was used as 
the starting material, condensation with ethylcyanoacetate and sodium sulfide in the 
presence of triethylamine afforded the aminothiophene 16 exclusively. 
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Enamines can be used in place of an aldehyde or ketone in the Gewald reaction. 
Compound 19 reacted with ethylcyanoacetate and sulfur in the presence of morpholine to 
give aminothiophene 20 in good yield. 14 
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5.2.5 Synthetic Utility 

A wide range of differentially substituted 2-aminothiophenes have been prepared using 
the Gewald aminothiophene reaction. A number of procedures have been developed for 
varying the substitution in the 5-position of the aminothiophene ring. 5-S0 2 Ph-, 15-17 5- 
NO2-, 1 and 5-alkoxy-2-aminothiophenes 19 have been prepared in modest to good yields 
from readily available precursors. When the a-alkoxyketone 21 was combined with 
ethylcyanoacetate and sulfur in the presence of morpholine, the 5-alkoxy-2- 
aminothiophene 22 was the only product formed. 19 In these examples, sulfuration 
occured selectively at the methylene group adjacent to the alkoxy substitiuent. When R = 
?-BuMe2Si-, desilylation of the product afforded the 5-hydroxythiophene which existed 
exclusively in the keto form. 19 
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2,4-Diaminothiophenes 24 were prepared in good yield from 3-amino-4,4 



dicyano-3-butenoate 23, sulfur, and diethylamine at room temperature, 
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When an aldehyde is used as the starting material in the Gewald reaction, a 5- 
alkyl-2-aminothiophene is the product isolated. For example, when 3-methylbutanal 25 
was combined with ethylcyanoacetate 15 and sulfur in the presence of triethylamine, 
aminothiophene 26 is the only product observed in this reaction. 21 However, when an oc- 
tosyloxy-ketone 27 and sodium sulfide were employed in the reaction, the corresponding 
4-alkyl-2-aminothiophene 28 was the sole reaction product. 22 
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Tetrasubstituted thiophenes obtained by the Gewald reaction serve as templates 
for structural diversification and semi-automated library synthesis. 23 Thiophene 31, 
prepared from P-ketoester 29 and r-butylcyanoacetate 30, could be selectively derivatized 
at three of the four substituents to maximize library diversity. This procedure represents 
an improvement over previously published methods 5 for utilizing 1,3-dicarbonyl 
compounds in the Gewald reaction. 
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The Gewald reaction was utilized to prepare glycopyranosyl thiophene C- 
nucleoside analogues. 24 Pyranosyl ethanal 32 was converted to the pyranosyl thiophene- 
3-carbonitrile 33 in good yield via initial condensation with malononitrile and subsequent 
reaction with sulfur and triethylamine. 33 was ultimately converted to thienopyrimidine 
34. 
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Recently, the Gewald protocol has been adapted to a solid-support reaction 
manifold which produces 2-aminothiophenes in good to excellent yields and high 
purity. 25 ' 26 Acylation of Wang resin 35 with cyanoacetic acid under standard conditions 
gave the resin-bound cyanoacetic ester 36. The resin was suspended in ethanol 
containing the ketone 37, morpholine, and elemental sulfur to afford resin-bound 
aminothiophene 38. Acylation of the amino group followed by resin cleavage produced 
thiophene 39. The acylation step was necessary to prevent decomposition of the products 
during the cleavage step. 25 
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5.2.6 Experimental 
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Ethyl 2-Amino-4-methyl-5-(ter^butoxycarbonyl)thiophene-3-carboxylate (42): 27 
A mixture of fert-butyl acetoacetate 40 (15.8 g, 100 mmol), ethyl cyanoacetate 15 (11.3 
g, 100 mmol), sulfur (3.5 g, 110 mmol), and EtOH (25 mL) was stirred at 45°C. 
Morpholine (10 g, 115 mmol) was added drop-wise over 15 min. The mixture was 
stirred at 60°C for 5 h and filtered. The filtrate was diluted with water (50 mL) and 
cooled. The precipitate was collected by filtration, washed with 30% EtOH, and dried to 
obtain 42 (21.2 g, 74%): mp 116-117°C (cyclohexane/hexane); IR (KBr, cm" 1 ) 1670, 
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1588 (C=0); H 1 NMR (CDC1 3 ) 8 1.37 (t, J = 7.1 Hz, 3H), 1.53 (s, 9H), 2.67 (s, 3H), 4.31 
(q, J= 7.1 Hz, 2H), 6.47 (s, 2H). 
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5.3 Hinsberg Synthesis of Thiophene Derivatives 

5.3.1 Description 

The Hinsberg synthesis of thiophene derivatives describes the original condensation of 
diethyl thiodiglycolate and oc-diketones under basic conditions which provides 3,4- 
disubstituted-thiophene-2,5-dicarboxylic acids upon hydrolysis of the crude ester product 



with 


aqueous acid. 1 
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5.3.2 Historical Perspective 

In 1910, Hinsberg described the reaction between benzil and diethylthiodiacetate, 
resulting in the preparation of the thiophene ring system. 2 The reaction was run under 
Claisen condensation conditions, and after hydrolysis with aqueous acid at reflux, the free 
dicarboxylic acid 1 was produced. 

5.3.3 Mechanism 

For the fifty years following the discovery of the Hinsberg thiophene synthesis, it was 
incorrectly assumed that the product of the reaction was initially a diester, which, upon 
acid treatment, was hydrolyzed to the corresponding diacid. In 1965, Wynberg and 
Kooreman conclusively proved this assumption to be incorrect by utilizing an elegant 
18 0-labelling study. 3 By condensing ' O-enriched benzil, the researchers noted 
approximately 50% transfer of the 18 label to carbon dioxide, following the thermal 
decarboxylation of 2. 




1.°° 9 

EKr^^^oB EtcrN^s 9 250 °C 




. 7 - i/TA =-=- ^ y\ + co 2 18 

KO'Bu, 'BuOH Ph -^~~f OH " /} 

2. H 3 + Ph 

2 

From this experiment, it was concluded that the reaction results in the production 
of a mono ester-carboxylate which underwent decarboxylation. The original Hinsberg 
conditions involved the hydrolysis of a single ethyl ester to the dicarboxylic acid 1. This 
reaction mechanism parallels the Stobbe condensation reaction. Thus, similarities 
involve the condensation of the enolate of diethyl thiodiglycolate with benzil, and 
spontaneous lactonization to provide 3. Base-induced, ring fragmentation in the 
elimination of the carboxylate and a subsequent Knoevenagel-type cyclization provides 
the mono-ester 4. Reaction conditions must allow for the isomerization of the newly 
formed alkene via reversible conjugate addition reactions since only the Z-alkene 
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geometry permits cyclization via a Claisen/elimination process to form the thiophene 
ring. Upon hydrolysis of 4 under acidic conditions, the thiophene dicarboxylic acid 
product 1 is obtained. This rationale explains the transfer and retention of 8 from 
benzil to the carboxylate of 4 as indicated by decarboxylation and production of labeled 
C0 2 . 
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5.3.4 Synthetic Utility 

The Hinsberg thiophene synthesis has seen limited use owing to the potential for 
regioisomeric mixtures when unsymmetrical 1,2-dicarbonyls are condensed with 
unsymmetrical thiodiacetates. Thus, symmetrically substituted thiophenes are generally 
prepared in this manner. 

A series of 3,4-disubstituted thiophene-2,5-dicarboxylates have been prepared 
using the Hinsberg reaction. The 3,4-disubstituted thiophene-2-carboxylates are also 
readily available via decarboxylation of the initially formed half-acid, half-esters which 
were earlier identified by the earlier mechanistic studies. 4 Concurrent with the elegant 
mechanistic elucidation of Wynberg and Zwanenburg, a route was sought to prepare 5 in 
order to study the effect of ring strain on the heteroaromatic properties of five-membered 
rings. 5 Treatment of biacetyl and diethyl thiodiacetate with potassium f-butoxide 
furnished the monoester 6 in good yield. Compound 5 was subsequently prepared in a 
series of four steps, including oxidation of the methyl substituents with jV- 
bromosuccinimide. 
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A notable utilization of the Hinsberg procedure was executed in the synthesis of a 
thiophene analogue of porphyrin. 6 A previous synthesis of the tetrathioporphyrin 
dication of 7 found this material to be unsuitable for chemical exploration as a result of 
its limited accessibility and solubility. 7 Efforts by Vogel et al. were then directed toward 
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the synthesis of the octaethyl derivative 8. The preparation of the a- 
hydroxymethylthiophene 9 was achieved by a Hinsberg reaction, decarboxylation, and 
reduction protocol. Formation of the cyclic tetramer 8 occurred via a series of 
electrophilic aromatic substitution reactions from alcohol 9 (30% yield). Compound 8 
was converted to the perchlorate dication in a two-step process. 
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In addition to thiodiglycolic acid esters, the use of bis(cyanomethyl)sulfide in the 
Hinsberg reaction has facilitated the preparation of 5-cyano-thiophene-2-carboxamides. 8 
Thus, the condensation of biacetyl with bis(cyanomethyl)sulfide resulted in the efficient 
preparation of 10 (94% yield). 
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Several related approaches to the thiophene ring system warrant, inclusion here, 
although these are mechanistically distinct from the Hinsberg reaction. The original 
publication demonstrating the Hinsberg reaction also reported diethyloxalate as a 
coupling partner in place of the usual 1,2-diketone. Thiophene formation with 
dimethylthiodiglycolate produced a mixture of dimethyl- and diethylesters. 1 This 
problem was alleviated when diethyl oxalate was used in place of dimethyl oxalate, 
producing 3,4-dihydroxy-2,5-dicarboxythiophene 11. Similar reactivity has been noted 
by others. 9 
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The mechanism of this reaction is generally understood to consist of subsequent 
Claisen condensation reactions to produce an intermediate diketone 12, which readily 
tautomerizes to the fully conjugated dihydroxythiophene 13. 9 
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A notable exploitation of this reaction has been used for the preparation of 
potential anticancer agents. In an attempt to control the water solubility of thiophene 
analogs, a series of sodium salts of 2,5-dicarboethoxy-3,4-dihydroxythiophene have been 
produced by condensation between thiodiglycolate esters and diethyloxalate. 10 These 
condensation reactions consistently proceeded in good yield. 
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In this fashion, an a-ketoester was utilized as a means of studying the antiviral 
and antitumor activity of thiophene derivatives of pyrazofurin 14. Reactions between 
dimethylthiodiglycolate and 15 provided intermediate 16, which was elaborated to 17 and 
18 for comparisons with the antitumor activity of the C-nucleoside pyrazofurin 14. 
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Another significant advance of the Hinsberg thiophene synthesis has explored the 
reactivity of diketosulfides in place of the use of diethylthiodiglycolate. This process has 
been extensively utilized for the preparation of novel thiophene containing systems. 
With glyoxal as condensation partner, the utility of this method has been pioneered 
Miyahara et al. in the synthesis of novel thiophenophanes 19, 12 20, 13 and 21. 14 
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Y = MeO 55% yield 
Y=Br 21% yield 
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Mechanistically, the reaction of diketosulfides and glyoxal likely proceeds via an 
initial aldol reaction to provide 22. A second intramolecular aldol reaction and the 
elimination of two equivalents of water produce the thiophene 23. The timing of the 
elimination reactions and the ring-closing, carbonyl condensation reaction is not 
completely understood. However, 2,5-disubstituted thiophenes 23 are available in good 
yields via this process. 
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O 





R 



o) 



o o 

ROH | R x "\ /Svs ^H 
H 22 



RO" 



O O 



HO-^jpH 



(o 



o 



ROH 




•2H 2 



HO 



OH 



23 




The reaction of diketosulfides with 1,2-dicarbonyl compounds other than glyoxal 
is often not efficient for the direct preparation of thiophenes. For example, the reaction 
of diketothiophene 24 and benzil or biacetyl reportedly gave only glycols as products. 15 
The elimination of water from the P-hydroxy ketones was not as efficient as in the case of 
the glyoxal series. Fortunately, the mixture of diastereomers of compounds 25 and 26 
could be converted to their corresponding thiophenes by an additional dehydration step 
with thionyl chloride and pyridine. 




H 3 C 



O 
NaOMe 



Y™ 3 




o o 

Ar^V S Y^Ar S0CI * PV f ; 
H 3 C-^ ^-CH 3 

HO OH 

25, 90% yield 



Ar ^f~y - Ar SOCI 2 , pyr . 
Ph-4 t-Ph 





HO OH 

26, 81% yield 



Ar 



O O 

H 3 C CH3 

95% yield 



o O 

Ph Ph 

89% yield 



Application of this two-step technique has led to the synthesis of the novel 
thiophene 27, albeit in low yield. 15 




1.0 o 

Ph A--s^X ph 

KOH 

2. SOCI 2 , pyr 

9% yield - 2 steps 
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Finally, the Hinsberg synthesis has been extended to the use of a-aryl-a- 
carboethoxydimethyl sulfide in conjunction with a series of 1,2-dicarbonyl compounds. 17 
Specifically, the 4-nitroaryl substituent provides for sufficient activation of the a-proton 
to allow condensation and ring closure. These examples appear general and suggest 
future opportunities for the Hinsberg thiophene protocol. 



Q 2 N- 



\ // 



s ~\ 



CO z Et 



»V 



I.NaOEt, EtOH, heat 
2. H 2 0, H + 



0,N 




C0 2 Et 



R = H 76% yield 
R = OEt 69% yield 
R = Ph 79% yield 



5.3.5 Experimental 



OM- 



\ // 



O 



OEt 



28 




.OEt 



Ethyl 2-(4-nitrophenyl)thiophene-5-carboxylate 29: 17 

To an ethanolic solution of sodium ethoxide prepared by addition of 0.46 g (0.02 mole) 
of freshly cut sodium metal in 100 mL of absolute ethanol was slowly added 5.10 g (0.02 
mole) of ethyl 4-nitrobenzylthioacetate 28 with stirring at 5°C. The mixture was refluxed 
for about 4 to 6 hours until the reaction was complete (monitored by tic). The resultant 
mixture was allowed to cool to room temperature and then added into an ice-water 
mixture. The solution was neutralized with slow addition of dilute aqueous hydrochloric 
acid (10%). The precipitated solid was removed by filtration, washed with water, and 
recrystallized from a dimethylformamide-ethanol (1:1) mixture yielding 2.10 g (76 %) of 
29 as a light brown crystalline solid, mp 227°C; ir (nujol): (neat (1710 cm" 1 ; ms: m/z 277 
(Ivf). Anal. Calcd. For C, 3 Hi,N0 4 S: C, 56.31; H, 3.97; N, 5.05; S, 11.55. Found: C, 
56.36; H, 3.95; N, 5.01; S, 11.49. 
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5.4 Paal Thiophene Synthesis 

5.4.1 Description 

The Paal thiophene synthesis involves the addition of a sulfur atom, typically from 
phosphorus pentasulfide, to 1,4-dicarbonyl compounds and subsequent dehydration. 




5.4.2 Historical Perspective 

In 1885, Paal reported the synthesis of 2-phenyl-5-methylthiophene 2 from l. 1 



cypr 



CH„ P2S; 



2°5 




Separately, Paal 1 and Knorr 2 described the initial examples of condensation 
reactions between 1,4-diketones and primary amines, which became known as the Paal- 
Knorr pyrrole synthesis. Paal also developed a furan synthesis in related studies. 3 The 
central theme of these reactions involves cyclizations of 1,4-diketones, either in the 
presence of a primary amine (Paal-Knorr pyrrole synthesis), in the presence of a 
sulfur(II) source (Paal thiophene synthesis), or by dehydration of the diketone itself (Paal 
furan synthesis). 



R 1 NH 2 



tr R 



OH OH 



dehydration R^/^n^-R 

\J 

^ 2 S 5 



R ^!r R 



5.4.3 Mechanism 

Until 1952, it was postulated that the Paal thiophene synthesis proceeded via an initially 
formed furan via dehydration of the 1,4-diketone, followed by conversion of the furan to 
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the thiophene. This hypothesis was considered because furans were often isolated as 
byproducts in the Paal thiophene synthesis. Parallel experiments conducted by 
Campaigne and coworkers provided the first evidence that furans were not likely 
intermediates on the pathway to thiophenes from 1 ,4-diketones. Direct comparisons were 
made between the reactions of acetonylacetone and 1,2-dibenzoylethane with P2S5 and 
the reactions of 2,5-dimethylfuran and 2,5-diphenylfuran under the Paal thiophene 
synthesis conditions. Reactions utilizing the diketones provided a greater yield of the 
thiophenes suggesting that the furan is not an essential intermediate in the reaction 
pathway, but rather a byproduct. 4 The reaction conditions facilitated an inefficient 
conversion of the 2,5-dimethylfuran to 2,5-dimethylthiophene. However, the more stable 
2,5-diphenyl furan did not display this behavior. 



FT 



P 2 S ; 



-S 



2^5 



R 



o 



P2S5 



-s 



R = CH 3 70% yield 

R = Ph 25% yield 



13% yield 
0% yield 



Based on these observations, it is likely that the mechanism involves initial 
formation of thione 3 (X = O or S), which is followed by tautomerization to 4 and 
cyclization to 5. Aromaticity drives the facile elimination of either EfcO or H2S resulting 
in the thiophene product. 



H,C 



CHa 



P ? S, 



2^5 



HsC 



CH, 



tautomerize 



:sh 



"~H 3 C 



CH 3 



H,C 



"CH, 



-H,X 



H 3 C \^S XH 
5 H 



X = O or S 
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5.4.4 Variations and Improvements 

While the Paal thiophene synthesis was originally performed utilizing phosphorus 
pentasulfide as the sulfur atom source, a number of other reagents have since been 
developed for this purpose. As phosphorus pentasulfide can act as a dehydrating agent for 
1,4-diketones, furans were often formed. Since hydrogen sulfide, in the presence of an 
acid catalyst, was found to be more efficient than phosphorus pentasulfide at converting 
ketones to thiones, 5 it was thought that this system might prove more effective in the Paal 
reaction. Indeed, as early as 1952, treatment of 1,2-di-p-bromobenzoylethane 6 with 
hydrogen sulfide, hydrogen chloride and stannic chloride, produced 2,5-di-p- 
bromophenylthiophene 7 in 73% yield. 4 The stannic chloride was found to function as a 
dehydrating agent as illustrated by the results of Table 5.4.1. Most notable was the fact 
that furans were not isolated under these conditions. 



Table 5.4.1. 




H 2 S, HCI 
dehydrating agent 

CHCI 3 
1 hour 




Dehydrating Agent 


Yield, % 


Recovered Diketone 


None 





80 


Acetic anhydride 


5 


66 


Zinc chloride 


56 


38 


Stannic chloride 


73 


17 



p-Methoxyphenylthionophosphine sulfide 8, commonly known as Lawesson's 
reagent, was developed in 1978 and proved effective for the transformation of a number 
of carbonyl compounds to their thiocarbonyl derivatives. 6 



H 3 CO' 




s-p 

P^' 
11 S 

s 




OCH a 



Thus, ketones, 6 amides, 7 and esters 8 all produce the corresponding thiocarbonyl 
derivative in nearly quantitative yield on treatment with 8. Lawesson's reagent has 
proven to be an effective replacement for the traditional use of the P4S10 reagent system 
for the conversion of 1,4-diketones to thiophenes. Both Lawesson's reagent and P2S5 
resulted in mixtures of the desired thiophene 9 and the corresponding furan 10. However, 
Lawesson's reagent proved far superior in terms of the yield of thiophene. 9 
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, 1 


^YW 5 ! 


ll \ / 


' 1 


x^U^AJ 


^jL/v 




9 


10 


Phosphorus pentasulfide 


20% yield 


Yield of furan 


Lawesson's reagent 


86% yield 


not reported 



Another reagent system that has been recently employed in the Paal synthesis of 
thiophenes is the combination of bis(trialkyltin)- or bis(triaryltin) sulfides with boron 
trichloride. Known as the Steliou reagent, 10 it has been utilized in the transformation of 
1,4-diketone 11 to thiophene 12. u Higher yields are obtained in shorter reaction times in 
contrast to the use of Lawesson's reagent. Additionally, others have noted the relative 
ease of the work-up procedure using the Steliou conditions, and the fact that the 
tributyltinchloride byproduct of the reaction is reusable. 12 Similarly, the combination of 
the bis(trimethylsilyl)sulfide has been used in conjunction with trimethylsilyltriflate for 
the preparation of thiophenes in an analogous manner. 13 



Ph- 



11 




-Ph 



(SnBu 3 ) 2 S, BCI 3 , 



toluene, rt, 2h 
84% yield 




= Ph 



5.4.5 Synthetic Utility 

5.4.5.1 With 1,4-diketones and 1,4-dialdehydes 

The Paal synthesis of thiophenes from 1,4-diketones, 4-ketoaldehydes and 1,4- 
dialdehydes has found great use in the synthesis of medicinally active compounds, 
polymers, liquid crystals and other important materials. Furthermore, the discovery of 
the catalyzed nucleophilic 1 ,4-conjugate addition of aldehydes, known as the Stetter 
reaction (Eq. 5.4.1), has enabled widespread use of the Paal thiophene synthesis, by 
providing 1,4-diketones from readily available starting materials. 14 ' 15 



O 



+ 



o 



catalytic 
"CNor 



R 



DMF 



O 



(5.4.1) 



O 



An interesting application of the Paal thiophene synthesis was documented for the 
synthesis of a polystyrene-oligothiophene-polystyrene copolymer. 16 In the Stetter 
reaction of aldehyde 13 and P-dimethylaminoketone 14, in situ generation of the a,p- 
unsaturated ketone preceded nucleophilic 1,4-conjugate addition by the acyl anion 
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equivalent of 13. Treatment of bis-ketone 15 with an excess of Lawesson's reagent 
provided the triblock copolymer 16. 




•O-PS 
^t~(CH 2 ), ° 



NaCN, DMF 



Lawesson's reagent 




16 

Structure-activity studies of 5,6,7,8-tetrahdyro-5,5,8,8-tetramethyl-2-quinoxaline 
derivatives necessitated the preparation of thiophene-containing compound 17. 17 Stetter 
conditions using thiazolium salt 20 as catalyst resulted in the preparation of 1 ,4-diketone 
21 from 18 and 19. Condensation of 21 with phosphorus pentasulfide followed by 
saponification resulted in 17. In this fashion, the authors replaced the amide linker of 
parent compound 22 with the rigid thiophene moiety. 




^^,C0 2 Me 



19 



^rfe . Et 3 N 

20 ) ( cat ) 

Ph 

DMF, 100 °C 
75% yield 







ER-33635 22 




C0 2 Me 



1 . P 2 S 5 , xylene 
reflux 

45% yield 

2. NaOH, EtOH 



C0 2 H 




Novel compounds for use in liquid crystal displays have been prepared via the 
Stetter procedure followed by Paal thiophene formation with Lawesson's reagent. Thus 
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aldehydes with a variety of alkyl chain lengths (n = 2-10) were reacted with a,P- 
unsaturated ketone 23. Exposure of the diketone 24 to Lawesson's reagent gave 25. The 
bromine in the aromatic ring was subsequently replaced by cyanide and homologues with 
n = 4 and 6 were found to be suitable components of mixtures with desired properties 
(viscosity ~ 30 cP, dielectric anisotropy ~ 1 1) for liquid crystal applications. 18 




23 



rpH3 Lawesson's 
reagent 



thiazolium 
catalyst 

n = 2-10 



24 




A notable variant of this scheme is useful for preparing symmetrical 1,4-diketones 
from a single aldehyde. Utilizing divinylsulfone 26 as the conjugate acceptor for the 
aldehyde-derived nucleophile, reactions in the presence of a catalytic amount of either 
cyanide or thiazolium salts give 1,4-diketones in good yields. 19 Following the initial 
conjugate addition to give 27, elimination of vinylsulfinic acid produces a,p-unsaturated 
ketone 28 for the Stetter conjugate addition of a second equivalent of aldehyde. Thus 
production of symmetrical diketone 29 results in effective insertion of an ethylene unit 
between two aldehydes. 



o 

.A. 






26 



0. 



CN 



O v — ,s 



27 



13-elim. 



H * 



ftS 



28 



29 



This strategy has been effectively used to prepare a number of 1,4-symmetrical 
diketones which have served as precursors to thiophenes such as 30, 20 31, 21 and 32 22 via 
the Paal synthesis. 




Lawesson's Reagent 

toluene, reflux 
64% yield 



Lawesson's Reagent 

toluene, reflux 
46% yield 
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Lawesson's Reagent 


Ms 
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Ms 
N- 


Ms = S0 2 CH 3 


toluene, reflux 
65% yield 


l}- 


32 


A. 
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A notable example of this strategy uses the divinylsulfone Stetter procedure for 
building complex molecules from simple substrates and was demonstrated in the 
synthesis of a novel 26rt-aromatic macrocyclic ligand. 23 To that end, treatment of 
diketone 33 with Lawesson's reagent in refluxing toluene provided thiophene 34 which 
subsequently yielded macrocycle 35. The latter demonstrated aromatic properties based 
on the inspection of its 'H NMR spectrum which revealed extensive shielding of the 
internal pyrrole N-H signal and deshielding of the external hydrogens of the ring system. 



Eto,C 



33 



EtO z C 



,C0 2 Et 




Lawesson's reagent 

toluene, reflux 
55% yield 




34 



Et0 2 C 



4 steps 




35 



An interesting variation on the Paal thiophene synthesis is observed when applied 
to an a,P-unsaturated y-dialdehyde. Thus, treatment of o-phthaldehyde with Lawesson's 
reagent produced the dithiolactone 36. When 2,3-napthalenedicarboxaldehyde reacted 
under similar conditions, dithio-2,3-naphthalide 37 was produced in excellent yield. 24 




CHO 
CHO 



Lawesson's reagent 

— » 

CHCI 3 , rt 
51% yield 




36 




Lawesson's reagent 

CHCI3, rt 
96% yield 
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The mechanism for the redistribution in oxidation states begins similarly to that of 
the Paal thiophene synthesis. However, upon formation of dithione 38, nucleophilic 
addition of one thiocarbonyl into the other produces the intermediate zwitterion 39. A 
1,3-tautomerization of hydrogen then gives 36. 24 





r^ - 




39 



36 



This 1,3-migration of hydrogen was also observed when 40 reacted with 
Lawesson's reagent to produce the dithiolactone 41. 25 However, when y-hydroxy-a,|3- 
unsaturated aldehyde 42 was reacted under similar conditions, thiophene 43 was prepared 
efficiently. These results are not surprising considering that the oxidation state of 42 is 
equivalent to the traditional saturated 1,4-dicarbonyl substrates of the Paal thiophene 
reaction via tautomerization of the double bond, and aromaticity is reestablished in the 
fully conjugated 43. 



CHO 




CHO 




PpSi 



2°5 



1 ,4-dioxane, reflux 
68% yield 



Lawesson's reagent 

__ - 

1 ,4-dioxane, reflux 
63% yield 




41 CH 3 



OMe 




OMe 



5.4.5.2 With other 1,4-dicarbonyl compounds 

While the Paal synthesis has been far-reaching in its application for the conversion of 
1 ,4-diketones to thiophenes, there are surprisingly few examples which demonstrate its 
extension to related systems. The conversion of y-ketoesters to 2-alkoxythiophenes has 
proven to be an extremely difficult transformation. Seed, et al. overcame this problem 
using Lawesson's reagent on route to prepare longer-chain alkoxythiophenes. 26 However, 
application of this method for the synthesis of short chain alkoxythiophenes proved futile 
and demanded further attention. To overcome this problem, the cyclization was effected 
using microwave irradiation in the absence of solvent. The procedure has proven 
somewhat general and resulted in the formation of 2-alkoxy-5-arylthiophenes with alkoxy 
groups of varying chain length. 
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O 



Br 




OR 



O 



OR 



1 .2 equiv Lawesson's 
reagent 


r^^ 5 ^' 


JD 


microwave 

no solvent 

3min 


Br^ 
R = Et 


90% yield 




R = "Bu 


89% yield 




R = "Hex 


94% yield 




R = "Oct 


89% yield 




R = "Dec 


93% yield 




R = "Dod 


87% yield 



The duration of these reactions appears to be extremely important as longer 
reaction times resulted in deoxygenation of the thiophene derivative. 



Br 




O n Bu 



O 



1 .2 equiv Lawesson's 
reagent 

microwave 

no solvent 

6 min 




The preparation of 2-aminothiophenes has been demonstrated using the Paal 
synthesis. 28 For example, treatment of 44 with Lawesson's reagent for 10 min at 110°C 
resulted in the preparation of 45 in good yield. 29 



Ph' 




44 



Lawesson's reagent 

110 a C, 10 min 
82% yield 



Ph 



45 



Interestingly, when utilizing a secondary amide, these reactions are limited by the 
simultaneous formation of the corresponding pyrrole as exemplified in the transformation 
of 46 to thiophene 47 and pyrrole 48. 30 



46 



47 (51% yield) 



Ph 
i 



Orn 
H u ' 

Ph^N/ s v' N "ph Lawesson's reagent Ph-^S-y-N, + Ph ~~-ff V" H 

I toluene, reflux «_v Ph ^— " 



48 (48% yield) 
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5.4.6 Experimental 





49 



50 



Thionationof49. 31 

A mixture of 49 and (lg, 1.74 mmol) and Lawesson's reagent (1.1 g, 2.61 mmol) in 
chlorobenzene (40 mL) was refluxed under nitrogen for 36 h. The solvent was 
evaporated and to the residue was added a cold aqueous 10% NaOH solution (30 mL). 
The aqueous layer was extracted with CH2CI2 (3 x 30 mL). The organic layers were 
combined, washed with water (3 x 20 mL), and dried over Na 2 S04. Filtration to remove 
the drying agent, followed by concentration in vacuo provided the crude product which 
was purified by flash chromatography using hexanes:CH2Cl2 (5:1) as eluent, to yield a 
creamy white crystalline product 50 (0.68 g, 69%). An analytical sample was obtained 
by recrystallization in a hexanes:l,2-dichloroethane mixture: mp 289°C; UV (CHCI3) 
A,™ (log e) 295.5 (4.62): ! H NMR 8 5.75 (s, 2H), 7.13 (dd, 2H, J x = 5.3 Hz, J z = 3.2 Hz), 
7.32-7.38 (m, 20H), 7.43 (dd, 2H, /, = 5.3 Hz, J 2 = 3.2 Hz); 13 C NMR 8 44.3, 124.4, 
126.2, 127.6, 128.5, 128.9, 132.9, 133.5, 142.9, 144.3; MS m/z (relative intensity) 570 
(100, M + ), 537 (15), 449 (58), 372 (14), 187 (18), 121 (33). Anal. Calcd for QoH^: C, 
84.17; H 4.59. Found C, 84.29; H, 4.60. 





2,5-Bis(4-chlorophenyl)-5-methylthiophene (52). 

To a 10-mL dry toluene solution of bis(triphenyltin) sulfide (697 mg, 0.95 mmol) and 
dione 51 (100 mg, 0.48 mmol) was injected a 1 M solution of BC1 3 in CH2CI2 (0.64 mL, 
0.64 mmol). The reaction solution was refluxed for 2h, cooled to 22-24°C, and added to 
100 mL of 2:1 diethyl ether/ethyl acetate. The solution was washed with H 2 (3 x 100 
mL), dried (MgS0 4 ), and concentrated. The residue was purified by chromatography 
using 100:1 hexanes/ethyl acetate solution to give 2,5-bis(4-chlorophenyl)-5- 
methylthiophene 52 as a white solid (97 mg, 98%), mp 161-162°C: *H NMR (300 MHz, 
CDCI3) 5 7.23 (s, 2H), 7.32-7.53, (dd, 8H); 13 C NMR (75.5 MHz, CDC1 3 ) 8 124.39, 
126.75, 129.07, 132.56, 133.37, 142.58. 
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6.1 Claisen Isoxazole Synthesis 

6.1.1 Description 

At the end of the nineteenth century, Claisen described the cyclization of |3-keto esters 
with hydroxylamine to provide 3-hydroxyisoxazoles. 1 Substituents Ri and R2 in the (3- 
keto ester make it possible to introduce substituents in the 4- and 5-position of the 
heterocyclic ring. 
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6.1.2 Historical Perspective and Mechanism 

The condensation of 3-keto esters with hydroxylamine can occur in two directions to give 
either isoxazolin-3-ones [which exist predominately as 3-hydroxyisoxazoles (2)] or 
isoxazolin-5-ones (3). Early work by Claisen, lb Hantzch, 2 and others 3 showed that the 
products from 2-unsubstituted |3-keto esters were isoxazolin-5-ones. In the early 1960's, 
Katritzky found that 2-substituted analogues give 3-hydroxyisozaoles. 4 Jacquier later 
showed that both types of products could be produced from both types of keto esters 
depending on the precise pH variation during the reaction workup. 
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In the reaction of ethyl acetoacetate (1, Rj = Me, R2 = H, R = Et) with 
hvdroxvlamine at dH 6.5-8.5 (buffered). Cocivera et al. observed via 'H NMR under 
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stop-flow conditions that carbinolamine intermediate 4 dehydrates to form syn and anti 
oximes. 6 The syn isomer 5 cyclized within several minutes to 3, while conversion of the 
anti form required several hours. 

Jacobson conducted a detailed investigation of the effect of reaction pH on the 
direction of ring closure of a range of (3-keto esters encompassing both 2-unsubstituted 
and 2-substituted compounds. 7 They found, for example, that the yield of the 3- 
hydroxyisoxazole was maximized at pH 10.0 ± 0.2. Katritzky and co-workers later 
carried out a detailed 13 C NMR study to rationalize the effects of the pH on the direction 
of ring closure. 8 The manner in which 3-hydroxyisoxazole 2 is formed was determined 
to occur through open chain hydroxamic acid 6, which exists in dynamic equilibrium 
with 7, followed by dehydration of 5-hydroxy-3-isoxazolidinone intermediate 8 under 
highly acidic conditions. 

6.1.3 Variations and Improvements 

Krogsgaard-Larsen and co-workers 9 have protected the 3-keto functionality as a ketal as 
a modification to the traditional conditions so attack of hydroxylamine is directed 
towards the ester. They prepared hydroxamic acid 10 from ester 9 then cyclized with 
sulfuric acid to isoxazole 11, in route to 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol 
(TMP), a selective GABA A receptor agonist studied clinically for insomnia. 

MeO / — \ MeG l / — \ 9 

V-N Vc0 2 Et NH 2 OH^ yu W H 2 SQ 4 

(f ^-7^0 ** ° ^^° NH0H *" 



10 



11 THIP 

In 2000, an efficient three-step procedure for the synthesis of 5-substituted 3- 
isoxazolols (without formation of undesired 5-isoxazolone byproduct) was published. 10 
The method uses an activated carboxylic acid derivative to acylate Meldrum's acid, 11 
which is treated with N,C)-bis(tert-butoxycarbonyl)hydroxylamine to provide the N,0-di- 
Boc-protected fi-keto hydroxamic acids 14. Cyclization to the corresponding 5- 
substituted 3-isoxazolols 15 occurs upon treatment with hydrochloric acid in 76-99% 
yield. 
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6.1.4 Synthetic Utility 

Krogsgaard-Larsen and co-workers continued to utilize Claisen isoxazole chemistry in 
the preparation of GABA A receptor antagonists reported in 2000. n In the synthesis of 
protected 3-isoxazolols 17a-f, P-oxoesters 16a-f were cyclized at -30°C followed by 
heating with concentrated hydrochloric acid at 80°C. 
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These workers also prepared the thio analog of 17 (R = H) 13 by treating 16 (R = 
H) with aqueous ammonia to provide the (3-oxoamide, which was converted into the 
corresponding enolized P-thioxoamide 18 by treatment with hydrogen sulfide and 
hydrogen chloride in ethanol. Compound 19 was synthesized by oxidation of 18 with 
iodine in ethanol under basic conditions. 



16 



1 . aqueous NH 3 , 23% 



R = H 2. H 2 S, HCI, EtOH, 53% MeO. M 

T 

o 



SH O 




NH ? 



18 



Chapter 6. Oxazoles and Isoxazoles 223 



l 2 , K 2 C0 3 , 59% 





6.1.5 Experimental Procedure 

O 

^Y^OUe *► 

20 

5-Methyl-4-pentyl-3-isoxazolol(21). 14 

To a solution of NH 2 OH-HCl (2.6 g, 42 mmol) in MeOH (10 mL) heated to 60°C was 
added a solution of NaOH (1.7 g, 42 mmol) in water (1 mL) and MeOH (10 mL). The 
mixture was cooled to -50°C. To a solution of 20 (3.72 g, 20 mmol) in MeOH (4 mL) 
was added a solution of NaOH (0.84 g, 21 mmol) in water (0.5 mL) and MeOH (4 mL). 
This mixture was cooled to -50°C, stirred for 10 min, and added to the above NH2OH 
solution. The reaction mixture was stirred at -50°C for 2.5 h and acetone (2.1 g) was 
added. The reaction mixture was then quickly added to 4 M HC1 (24 mL), heated to 
85°C and stirred for 45 min at 85°C. The MeOH was evaporated and column 
chromatography (toluene-EtOAc-AcOH 20:2:1) gave 21 (1.2 g, 65%) as an oil: ! H NMR 
(CDCI3) 8 2.26 (t, J = 7.1 Hz, 2H), 2.24 (s, 3H), 1.52 (quintet, J = 7.1 Hz, 2H), 1.30 (m, 
4H), 0.89 (t, 7 = 7.1 Hz, 3H). 

6.1.6 References 
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4 (a) Boulton, A. J.; Katritzky, A.R. Tetrahedron 1961, 12, 41 . (b) Boulton, A. J.; Katritzky, A.R. Tetrahedron 
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6.2 Cornforth Rearrangement 

6.2.1 Description 

The Cornforth rearrangement involves the thermal interconversion of 4-carbonyl 
substituted oxazoles, with "exchange" between the C-C-0 side-chain and the C-C-0 
fragment of the oxazole ring. 1 These reactions generally involve compounds where a 
heteroatom (-OR, -SR, -CI) is attached to the 5-position (R 2 ) of the starting oxazole. 
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6.2.2 Historical Perspective 

Cornforth reported in 1949 that 2-phenyl-5-ethoxyoxazole-4-carboxamide (3) rearranged 
on heating to ethyl 2-phenyl-5-aminooxazole-4-carboxylate (4). 2 
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Dewar and Turchi carried out similar rearrangements of secondary and tertiary 
alkyl and aryl oxazole-4-carboxamides (5a-e) to the corresponding secondary and 
tertiary 5-aminooxazoles (6a-e). 3 For example, they realized yields > 90% when the 
amide nitrogen is part of a heterocyclic ring system. 



Ph 



J^OEt 
5 



toluene 



reflux, 1 7 h 
>90% 



Ph 



0. 

V-OEt 



x = 



-Nd 






=N 
d 




s? 



6.2.3 Mechanism 

This rearrangement can be rationalized by postulating the dicarbonylnitrile ylide 8 as an 
intermediate. Dewar and Turchi obtained supporting evidence for the interconversion in 
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1975. They found that deuterium labeled 2-phenyl-5-mefhoxy-4-[(methoxy-d3)- 
carbonyl]oxazole (7) scrambled on heating to give a 1:1 equilibrium mixture of 7 and the 
corresponding rearranged ester 9. 3 
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Dewar and Turchi studied the rates of Cornforth rearrangements and determined 
through variation of substituents in the 2-phenyl group that a small positive charge 
develops at the adjacent C-2 oxazole carbon on passing to the transition state. 4 They also 
found that in aprotic solvents, the rate changes little with the polarity of the solvent, 
suggesting that the transition state is not much more polar than the ground state. 
However, a substantial increase in rate was observed going from an aprotic (PhNCh) to a 
protic solvent (PhCJhOH) suggesting that a developing negative charge in the transition 
state is stabilized considerably by hydrogen bonding to the solvent. Recent ab initio and 
density functional calculations by Fabian et al. support their conclusions that the nitrile 
ylide intermediate is considerably less polar than a zwitterionic formula would suggest. 5 
It is interesting to note that in experimental studies and MINDO/3 MO calculations by 
Turchi, 6 as well as ab initio and density functional calculations by Fabian et al. that 4- 
(aminothiocarbonyl)oxazoles (10) rearrange to 5-aminothiazoles (12). 
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6.2.4 Variations and Improvements 

Dewar and Turchi described the Cornforth rearrangement of 5-alkoxyoxazole-4- 
thiocarboxylates as a potentially general method for the synthesis of 5-thiooxazole-4- 
carboxylic esters. Specifically, they found that thiol ester 13 underwent thermal 
isomerization to the corresponding 5-thiooxazole 14 in 94% yield. 
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Williams and McClymont 7 have observed that acylation reactions of the dianion 
of 2-(5-oxazolyl)-l,3-dithiane (15) lead to formation of 4,5-disubstituted oxazole 
products through a Cornforth rearrangement pathway under base-induced, low- 
temperature conditions. For example, deprotonation of 15 with LiHMDS (3.0 
equivalents) at -78°C, followed by addition of benzoyl chloride or p-chlorobenzoyl 
chloride and warming to 0°C, provided 16 in 74% and 47% yield, respectively. 



O 



H c rT^T "CI 



N 




V V , H > 





O IV LiHMDS (3.0 eq), THF V/^X 



15 



-78°C 16 

X = H (74%), CI (47%) 



Since neither direct acylation of the 2-position of oxazole 15 (H a ) nor acylation of 
the 1,3-dithianyl anion (Hb) was observed, the products were rationalized as arising 
through selective C-acylation of the ring-opened tautomer 15c. 

H C LJ I ' 

15 15a 15b 15c 

6.2.5 Synthetic Utility 

L'abbe and coworkers studied the synthesis and thermolysis of 5-azido-4-formyl- 
oxazoles. 8 They found, for example, that azides 17a-b rearrange at room temperature to 
yield isolable, isomeric oxazoles 18a-b. 
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Vh V-n 

N ~A CHCIg N-/ 

17aR = /-Pr 18a-b(60%) 

17b R = f-Bu 

6.2.6 Experimental procedure 
4-Azidocarbonyl-2-tert-butyloxazole(18b). 

Compound 17b (1.5 g) was allowed to rearrange in chloroform (50 mL) at room 
temperature for 18 h. The reaction mixture was subjected to column chromatography on 
silica gel with hexane-ethyl acetate (4:1) as the eluent to give the acyl azide 18b (0.9 g, 
60%): m.p. 48°C; twtKBrVcrn 1 2150s (N 3 ) and 1700s, br (CO); *H NMR (400 MHz, 
CDCI3) 8 1.34 (s, 9H), 8.2 (s, 1H); 13 C NMR (100 MHz, CDC1 3 ) 5 134.1, 144.6, 166.2, 
172.8; MS m/z 194 (M + ) and 57 (t-Bu + ); Anal. Calcd for CgHio^Cfe: C, 49.48; H, 5.15. 
Found: C, 49.3; H, 5.2. 
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6.3 Erlenmeyer-Plochl Azlactone Synthesis 

6.3.1 Description 

Formation of 5-oxazolones (or 'azlactones') (2) by intramolecular condensation of 
acylglycines (1) in the presence of acetic anhydride is known as the Erlenmeyer-Plochl 
azlactone synthesis. 1 




6.3.2 Historical Perspective and Mechanism 

The azlactones of a-benzoylaminocinnamic acids have traditionally been prepared by the 
action of hippuric acid (1, Ri = Ph) and acetic anhydride upon aromatic aldehydes, 
usually in the presence of sodium acetate. The formation of the oxazolone (2) in 
Erlenmeyer-Plochl synthesis is supported by good evidence. 2 The method is a way to 
important intermediate products used in the synthesis of ot-amino acids, peptides and 
related compounds. 3 The aldol condensation reaction of azlactones (2) with carbonyl 
compounds is often followed by hydrolysis to provide unsaturated a-acylamino acid (4). 
Reduction yields the corresponding amino acid (6), while drastic hydrolysis gives the a- 
oxo acid (5). 4 
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In 1959, Crawford and Little reported superior yields of 3 in reactions of aromatic 
aldehydes by using isolated, crystalline 2-phenyloxazol-5-one (2, Ri = Ph) compared to 
direct reaction with hippuric acid (1, R| = Ph). 5 An early report by Boekelheide and 
Schramm on the use of ketones in the Erlenmeyer azlactone synthesis includes treatment 
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of cyclohexane with hippuric acid and anhydrous sodium acetate in acetic anhydride to 
provide 49% yield of 2-phenyl-4-cyclohexylidene-5-oxazolone 7. 6 Hydrolysis of 7 with 
concentrated hydrochloric acid gave cyclohexyloxoacetic acid (8) in 60% yield. 
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Cornforth has reviewed literature reports and independently studied the special 
cases of reaction of 1 with salicylaldehyde and with 2-acetoxybenzaldehyde. 7 Coumarins 
(10) are afforded in the condensation of 1 with salicylaldehyde or its imine, 8 whereas 
when 2-acetoxybenzaldehyde is used, acetoxy oxazolone 12 is the major product. The 
initial aldol condensation product between the oxazolone and 2-acetoxybenzaldehyde is 
the 4-(oc-hydroxybenzyl)oxazolone 11, in which base-catalyzed intramolecular trans- 
acetylation is envisioned. The product 9 (R = Ac) can either be acetylated on the 
phenolic hydroxy group, before or after loss of acetic acid, to yield the oxazolone 12, or it 
can rearrange, by a second intramolecular process catalyzed by base and acid, to the 
hydrocoumarin, which loses acetic acid to yield 10. When salicylaldehyde is the starting 
material, aldol intermediate 9 (R = H) can rearrange directly to a hydrocoumarin. 
Cornforth also accessed pure 4-(2'-hydroxyphenylmethylene)-2-phenyloxazol-5(4//)-one 
(13) through hydrolysis of 12 with 88% sulfuric acid. 
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6.3.3 Variations and Improvements 

Armstrong and Combs have demonstrated an efficient one-pot Erlenmeyer-Plochl 
reaction that provides a highly convergent and general route to dehydroamino acid 
derivatives through oxidative cleavage of D-mannitol diisopropylidine 14 to D- 
glyceraldehyde and condensation with hippuric acid. 9 The crude azlactone intermediate 
15 was immediately reacted with w-butylamine to afford a 67% isolated yield of 16 as a 
5.5:1 Z/E ratio of geometrical isomers. 
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Bismuth(III) acetate catalyzes the synthesis of azlactones (17) from aromatic 
aldehydes in moderate to good yields via the Erlenmeyer synthesis. 10 While the standard 
procedure for azlactone synthesis consists of using a stoichiometric amount of fused 
anhydrous sodium acetate, 10 mol% of Bi(OAc) 3 is sufficient to catalyze the reaction and 
the crude product is found to be > 98% pure. 
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Modification of the Erlenmeyer reaction has been developed using imines of the 
carbonyl compounds, obtained with aniline, n ' 8b benzylamine 12 or n-butylamine. 13 
lvanova has also shown that an iV-methylketimine is an effective reagent in the 
Erlenmeyer azlactone synthesis. 14 Quantitative yield of 19 is generated by treatment of 3 
equivalents of 2-phenyl-5(4tf)-oxazolone (2) (freshly prepared in benzene) with 1 
equivalent of N-methyl-diphenylmethanimine (18) in benzene. Products resulting from 
aminolysis (20), alkali-catalyzed hydrolysis (21), and alcoholysis (22) were also 
described. 
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6.3.4 Synthetic Utility 

Monsanto's commercial route to the Parkinson's drug, L-DOPA (3,4- 
dihydroxyphenylalanine), utilizes an Erlenmeyer azlactone prepared from vanillin. The 
pioneering research in catalytic asymmetric hydrogenation by William Knowles as 
exemplified by his reduction of 24 to 25 in 95% ee with the DiPAMP diphosphine ligand 
was recognized with a Nobel Prize in Chemistry in 200 1. 15 
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Kirk and coworkers recently reported preparation of 6-flouro-meta-tyrosine 29 
based on an Erlenmeyer-Plochl azlactone strategy from 2-benzyloxy-5- 
fluorobenzaldehyde. 16 
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6.3.5 Experimental 
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2-Phenyl-4-veratral-5(4)-oxazolone (30). 17 

A mixture of veratraldehyde (160 g, 0.96 mol), powdered, dry hippuric acid (192 g, 1.07 
mol), powdered sodium acetate (80 g, 0.98 mol), and high-grade acetic anhydride (300 g, 
278 mL, 2.9 mol) is heated 110°C, with constant stirring. The mixture becomes almost 
solid, and then, as the temperature rises, it gradually liquefies and turns deep yellow in 
color. After 2 h, the reaction is allowed to cool and then ethanol (400 mL) is added 
slowly to the contents of the flask. After allowing the reaction mixture to stand overnight, 
the yellow crystalline product is filtered and washed with ice-cold ethanol (2 x 100 mL) 
and finally with boiling water (2 x 100 mL). After drying, the product (30) weighs 205- 
215 g (69-73% yield) and melts at 149-150°C. This material is sufficiently pure for 
many purposes; it can be purified further by crystallization from hot benzene to obtain 
180-190 g of the pure azlactone, melting at 151-152°C. 
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6.4 Fisher Oxazole Synthesis 

6.4.1 Description 

The Fisher oxazole synthesis involves condensation of equimolar amounts of aldehyde 
cyanohydrins (1) and aromatic aldehydes in dry ether in the presence of dry hydrochloric 
acid. ' 



9 H ether 

1^ + R 2 CHO 



CN 



HCI 



N >-R, + H 2 + HCI 



6.4.2 Historical Perspective 

In 1896, Emil Fisher found that 2,5-diphenyloxazole hydrochloride was precipitated by 
passing gaseous hydrogen chloride into an absolute ether solution of benzaldehyde and 
benzaldehyde cyanohydrin. 2 The oxazole hydrochloride can be converted to the free base 
by addition of water or by boiling with alcohol. Many different aromatic aldehydes and 
cyanohydrin combinations have been converted to 2,5-diaryloxazoles 4 by this procedure 
in 80% yield. 3 




dry HCI gas 
ether 

80% 




R = H, CH 3 , OMe 

X = H, CH 3 , CI, N0 2 

4 



6.4.3 Mechanism 

Ingham proposed the following sequence to explain the formation of oxazole products 
following his study of the reaction of benzaldehyde with mandelonitrile and hydrogen 
chloride. In the event, addition of hydrogen chloride to the cyanide is the first step 
providing the intermediate iminochloride 5 (Ari = Ph), which upon reaction with 
benzaldehyde affords oxazole 2 (Ari, Ar 2 = Ph) via intermediate 6 (Ari, Ar 2 = Ph). 
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Ingham describes two by-products isolated in these reactions, (a) arylene- 
mandeloamides (8) formed in the presence of water and (b) diazines (11) resulting from 
dimerization of the chloroimine. Reconsideration by Cornforth and Cornforth 
demonstrated that reaction of 5 with water actually produces oxazolidone 9. 5 

OH OH 

Ar,-' 

5 Ar 2 CHO, H 2 



OH h OH 

.^Y^Ar 2 _ ±2 0_ Ari A^NY A ' 
O OH OH 




5 + 5 



CI 



Ar- 



Ar, 



CI 
10 







H 2 
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6.4.4 Variations and Improvements 

In 1949, Cornforth showed that preparation of 2,5-disubstituted oxazoles was not limited 
to diaryloxazoles through condensation of aldehydes (benzaldehyde, n-hept-aldehyde) 
with a-hydroxy-amides (lactamide). The intermediate oxazolidone 13 were converted 
into oxazoles 14 on warming with phosphoryl chloride. 5 



OH 



H,C 




NHo RCHO, toluene 



reflux 
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12 



HN 




CH, 
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13 



POCIa 
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14 R = Ph, n-hexyl 
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6.4.5 Synthetic Utility 

Onaka demonstrated the utility of a modified Fisher method in the one-step synthesis of 
oxazole alkaloid Halfordinol (16) in higher overall yield 6 than previously reported by 
Robinson-Gabriel synthesis. 7 





nicotinaldehyde 
dry HCI gas 




16 

6.4.6 Experimental 
Halfordinol (16). 

Dry HCI gas was saturated in an ice-cold solution of freshly prepared crystals of p- 
hydroxymandelonitrile 8 (15, 0.94 g) in 45 mL of anhydrous ether. After addition of 
SOCh (1.12 g), the reaction mixture was stirred for 10 min. with external cooling. 
Addition of nicotinaldehyde (0.75 g) followed and the reaction mixture was saturated 
with dry HCI gas once again. After standing at room temperature for 2 days, the reaction 
mixture was poured into water and the separated organic layer was further extracted with 
aq. HCI. Neutralization of the combined aqueous layers with Na2CC>3 resulted in the 
precipitation of halfordinol (16), which was collected by filtration and recrystallized from 
methanol to 248 mg (16.5%) as fine cream needles of mp 254-255 °C (lit. 255 °C). 9 
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6.5 Meyers Oxazoline Method 

6.5.1 Description 

Chiral oxazolines developed by Albert I. Meyers and coworkers have been employed as 
activating groups and/or chiral auxiliaries in nucleophilic addition and substitution 
reactions that lead to the asymmetric construction of carbon-carbon bonds. 1-5 For 
example, metalation of chiral oxazoline 1 followed by alkylation and hydrolysis affords 
enantioenriched carboxylic acid 2. Enantioenriched dihydronaphthalenes are produced 
via addition of alkyllithium reagents to 1-naphthyloxazoline 3 followed by alkylation of 
the resulting anion with an alkyl halide to give 4, which is subjected to reductive cleavage 
of the oxazoline moiety to yield aldehyde 5. Chiral oxazolines have also found numerous 
applications as ligands in asymmetric catalysis; these applications have been recently 
reviewed, and are not discussed in this chapter. 5-8 
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6.5.2 Historical Perspective 
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The first synthesis and use of a chiral oxazoline was reported by Meyers in 1974. The 
chiral oxazoline 1 was prepared in two steps by condensation of (+)-l-phenyl-2-amino- 
1,3-propanediol (6) with the ethyl imidate of propionitrile 9 followed by O-methylation of 
the resulting alcohol 7 with NaH/Mel. Meyers demonstrated chiral oxazoline 1 could be 
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alkylated by sequential treatment with LDA followed by ethyl iodide to afford 8. Acidic 
hydrolysis of 8 provided enantioenriched carboxylic acid 9 in 95% yield and 67% optical 
purity. Since this report chiral oxazolines have become widely used as chiral auxiliaries 
and ligands in asymmetric synthesis. 1-8 

The first use of chiral oxazolines as activating groups for nucleophilic additions to 
arenes was described by Meyers in 1984. 10 Reaction of naphthyloxazoline 3 with 
phenyllithium followed by alkylation of the resulting anion with iodomethane afforded 
dihydronaphthalene 10 in 99% yield as an 83 : 17 mixture of separable diastereomers. 
Reductive cleavage of 10 by sequential treatment with methyl fluorosulfonate, NaBfU, 
and aqueous oxalic acid afforded the corresponding enantiopure aldehyde 11 in 88% 
yield. 




1)PhLi 
2) Mel 




99% yield 
83:1 7 dr 



1)CH 3 SQ 3 F t 

2) NaBH 4 

3) H 3 + 




88% yield 
a D = + 201° 



6.5.3 Mechanism of Asymmetric Alkylation 

The mechanism of the asymmetric alkylation of chiral oxazolines is believed to occur 
through initial metalation of the oxazoline to afford a rapidly interconverting mixture of 
12 and 13 with the methoxy group forming a chelate with the lithium cation. 11 
Alkylation of the lithiooxazoline occurs on the less hindered face of the oxazoline 13 
(opposite the bulky phenyl substituent) to provide 14; the alkylation may proceed via 
complexation of the halide to the lithium cation. The fact that decreased 
enantioselectivity is observed with chiral oxazoline derivatives bearing substituents 
smaller than the phenyl group of 3 is consistent with this hypothesis. 12 Intermediate 13 is 
believed to react faster than 12 because the approach of the electrophile is impeded by the 
alkyl group in 12. 




Acidic hydrolysis of 14 occurs via protonation of the nitrogen followed by attack 
of water on the resulting cationic intermediate. Proton transfer followed by ring-opening 
affords cation 15, which is trapped by a second equivalent of water. Another proton 
transfer followed by loss of the amino group affords protonated carboxylic acid 16, which 
loses H + to provide the carboxylic acid product. 
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6.5.4 Mechanism of Asymmetric Addition to Naphthyl Oxazolines 
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The mechanism of organolithium addition to naphthyl oxazolines is believed to occur via 
initial complexation of the alkyllithium reagent to the oxazoline nitrogen atom and the 
methyl ether to form chelated intermediate 17. 13 Addition of the alkyl group to the arene 
71-system affords azaenolate 18, which undergoes reaction with an electrophile on the 
opposite face of the alkyl group to provide the observed product 4. The chelating methyl 
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ether group is not required for high asymmetric induction provided that a sufficiently 
bulky group is used in place of the hydroxymethyl substituent (vide infra). 

Cleavage of the chiral auxiliary is effected in a three-step procedure commencing 
with quaternization of the nitrogen with methyl fluorosulfonate, methyl 
trifluoromethanesulfonate, or trimethyloxonium tetrafluoroborate. Reduction of the 
corresponding iminium salt 19 with NaBtU and acidic hydrolysis of the resulting product 
affords substituted aldehyde 5 without epimerization of either stereocenter. 

6.5.5 Variations and Improvements on Alkylations of Chiral Oxazolines 

Metalated chiral oxazolines can be trapped with a variety of different electrophiles 
including alkyl halides, aldehydes, 14 and epoxides to afford useful products. For 
example, treatment of oxazoline 20 with n-BuLi followed by addition of ethylene oxide 
and chlorotrimethylsilane yields silyl ether 21. A second metalation/alkylation followed 
by acidic hydrolysis provides chiral lactone 22 in 54% yield and 86% ee. 15 ' 16 A similar 
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strategy involving sequential alkylations was employed in the synthesis of 2-substituted 
butyrolactones. Alkylation of oxazoline 20 with y-silyloxy alkyl bromide 23 then with 
benzyl bromide afforded 24, which was subjected to acidic hydrolysis to provide 25 in 
66% yield and 70% ee. 16 
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Unsaturated chiral oxazolines have been employed in conjugate addition reactions 
for the asymmetric synthesis of 3-substituted carboxylic acids. 17 For example, metalation 
of oxazoline 20 with LDA followed by reaction with benzaldehyde and acidic workup 
leads to unsaturated oxazoline 26 via an aldol/dehydration process. Treatment of 26 with 
ethyllithium followed by acidic hydrolysis of the oxazoline afforded chiral carboxylic 
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acid 27 in 66% yield and 97% ee. Chiral oxazolines derived from tert-leucine have also 
been employed in asymmetric conjugate addition reactions. As shown below, reaction of 
28 with f-BuLi affords chiral aldehyde 29 in 74% yield and 94% ee upon cleavage of the 
oxazoline moiety. 
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Chiral oxazolines have also been utilized for the synthesis of chiral ketones 
bearing quaternary carbon stereocenters. As shown below, reaction of substituted 
oxazoline 30 with 2 equiv PhLi followed by treatment with benzyl bromide gives ketone 
33 upon acidic hydrolysis. This reaction is believed to proceed via addition of PhLi to 
keteneimine 31 to afford metalated enamine 32, which undergoes alkylation at the 
nucleophilic carbon to provide 33 after aqueous workup. 19 



y-Pr 



V-/°^l 2equivPhLi ''" Pr W°^ _=* >=C=N OLi 
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" / \ ) Bn / R\ ) — - — - Bn-4— C 33 

32 "'' BU VBu 71% yield 

55% ee 

Chiral oxazolines were the first chiral auxiliaries used for asymmetric enolate 
alkylations. Subsequent studies led to the development of a number of other chiral 

70 71 22 2^ 24 

auxiliaries (34-38) including those reported by Evans, ' Myers, Enders, ' 
Schollkopf, and others, ' which are now widely used in asymmetric synthesis. 
Although these new auxiliaries frequently provide higher yields and enantioselectivities 
than the oxazolines originally developed by Meyers, the pioneering work of Meyers laid 
the groundwork for these later studies. 
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6.5.6 Variations and Improvements on Asymmetric Additions to Naphthyl Oxazolines 

Meyers has demonstrated that chiral oxazolines derived from valine or terf -leucine are 
also effective auxiliaries for asymmetric additions to naphthalene. These chiral 
oxazolines (39 and 40) are more readily available than the methoxymethyl substituted 
compounds (3) described above but provide comparable yields and stereoselectivities in 
the tandem alkylation reactions. For example, addition of n-butyllithium to naphthyl 
oxazoline 39 followed by treatment of the resulting anion with iodomethane afforded 41 
in 99% yield as a 99 : 1 mixture of diastereomers. The identical transformation of valine 
derived substrate 40 led to a 97% yield of 42 with 94% de. 28 As described above, 
sequential treatment of the oxazoline products 41 and 42 with MeOTf, NaBHU and 
aqueous oxalic acid afforded aldehydes 43 in > 98% ee and 90% ee, respectively. These 
experiments demonstrate that a chelating (methoxymethyl) group is not necessary for 
reactions to proceed with high asymmetric induction. 
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42 R = i-Pr (97% yield, 94% de) 
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The application of this strategy to the synthesis of chiral cyclohexadienes has 
been demonstrated by Kiindig. Addition of MeLi to the Cr(CO)3-complexed chiral phenyl 
oxazoline 43 followed by reaction with allyl bromide produced cyclohexadiene 44 in 
69% yield and >98% de 2 * 
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The asymmetric addition of naphthyl Grignard reagents to l-methoxy-2- 



naphthyloxazolines has been used by Meyers for the synthesis of nonracemic 
binaphthyl derivatives. These reactions are believed to occur via addition of the 
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organolithium to naphthyloxazoline 45 followed by elimination of lithium methoxide to 
afford binaphthyl compound 46; hydrolysis and reduction produced alcohol 47. This 
methodology has been extended to the synthesis of chiral biaryl compounds 49 from 2- 
methoxyphenyl oxazolines 48. A related enantioselective synthesis of binaphthyls has 
been reported by Cram, in which asymmetric induction was controlled by use of a chiral 
oxygen substituent and an achiral oxazoline. 
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Meyers has also reported the use of chiral oxazolines in asymmetric copper- 
catalyzed Ullmann coupling reactions. 32 For example, treatment of bromooxazoline 50 
with activated copper powder in refluxing DMF afforded binaphthyl oxazoline 51 as a 93 
: 7 mixture of atropisomers; diastereomerically pure material was obtained in 57% yield 
after a single recrystallization. Reductive cleavage of the oxazoline groups as described 
above afforded diol 52 in 88% yield. This methodology has also been applied to the 
synthesis of biaryl derivatives. 33 




Cu 



DMF 
57% 
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The chiral naphthyloxazoline substrates can also be employed in asymmetric 
carbon-heteroatom bond-forming reactions with lithium amides, which provide unusual 
P-amino acid products. 34 Treatment of oxazoline 53 with JV-lithiopiperidine followed by 
alkylation with iodomethane affords aniline derivative 54 in 94% yield and 99% de. 
Hydrolysis of the oxazoline group provided amino acid 55 in 92% yield and >99% ee. 
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6.5.7 Applications in Natural Products Synthesis 

Chiral oxazoline-based synthetic methods have been employed in the asymmetric 
synthesis of a large number of natural products. A few representative examples of these 
applications are shown below. 

The sesquiterpenoid hydrocarbons (S)-a-curcumene (59) and (S)-xanthorrhizol 
(60) were prepared by asymmetric conjugate addition of the appropriate aryllithium 
reagent to unsaturated oxazoline 56 to afford alcohols 57 (66% yield, 96% ee) and 58 
(57% yield, 96% ee) upon hydrolysis and reduction. The chiral alcohols were 
subsequently converted to the desired natural products. 35 
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57 R = H (66% yield, 96% ee) 59 R = H 

58 R = OMe (57% yield, 96% ee) 60 R = OH 



The asymmetric addition of organolithium reagents to aryloxazolines has been 
used to construct highly complex polycyclic terpene structures found in natural products. 
For example, the asymmetric addition of vinyllithium to chiral naphthyloxazoline 3 
followed by treatment of the resulting anionic intermediate with iodoethyl dioxolane 61 
afforded 62 in 99% yield as a single diastereomer. 36 This intermediate was converted into 
the terpenoid compound 63, which is structurally related to the natural product 
aphidicolin. 
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The asymmetric total synthesis of (-)-steganone (67) was achieved through the 
asymmetric Mg-mediated coupling of bromide 64 and oxazoline 65, which provided a 
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65% yield of biphenyl derivative 66. Subsequent elaboration of this intermediate 
provided the natural product (67). 
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The axially chiral natural product mastigophorene A (70) was synthesized via a 
copper-catalyzed asymmetric homocoupling of bromooxazoline 68. Treatment of 68 with 
activated copper in DMF afforded 69 in 85% yield as a 3 : 1 mixture of atropisomers. The 
major atropisomer was converted into mastigophorene A (70); the minor regioisomer was 
transformed into the atropisomeric natural product mastigophorene B. 38 
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6. 6 Experimental Procedures 
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Naphthyloxazoline 71. 32 

To a solution of l-bromo-2-naphthoic acid (4.89g, 19.5 mmol) in CH2CI2 (100 mL) was 
added oxalyl chloride (8.7 mL, 99 mmol) and DMF (6 drops). The mixture was stirred at 
it overnight under an atmosphere of argon, then concentrated in vacuo. The crude 
material was dissolved in CH 2 C1 2 (50 mL) and was added to a solution of fert-leucinol 
(2.5 g, 21.5 mmol) and triethylamine (10 mL) in CH 2 C1 2 (100 mL) at 0°C. The mixture 
was stirred at rt overnight under argon and then diluted with water. The layers were 
separated and the organic layer was dried over anhydrous magnesium sulfate, filtered, 
and concentrated. The crude material was dissolved in CH 2 C1 2 (100 mL), SOCl 2 (10 mL) 
was added and the mixture was stirred at rt for 8 h. The mixture was cooled to 0°C and 
water and 4 M NaOH were added. The layers were separated and the organic phase was 
dried over anhydrous magnesium sulfate, filtered, and concentrated. The residue was 
dissolved in acetonitrile (300 mL) and water (25 mL) and solid K2CO3 were added. The 
mixture was heated to reflux for 3d, then cooled to rt and concentrated. The crude 
product was extracted with CH 2 C1 2 , the organic extracts were concentrated, and the 
material was purified by flash chromatography on silica gel to afford 5.13 g (79%) of the 
title compound as a viscous oil. *H NMR (300 MHz, CDC1 3 ) 8 8.40 (d, J = 8.4 Hz, 1 H), 
7.83-7.78 (m, 2 H), 7.63-7.50 (m, 3 H), 4.42 (dd, J = 8.6, 10.2 Hz, 1 H), 4.31 (t J = 8.3 
Hz, 1 H), 4.15 (dd, J = 8.1, 10.2 Hz, 1 H), 1.02 (s, 9 H). 

Binaphthyl bis(oxazoline) 72. 

To a mixture of naphthyloxazoline 71 (4.31 g, 12.97 mmol) in pyridine (4 mL) was added 
activated copper (1.99 g). The mixture was heated to reflux for 24 h then was cooled to rt, 
diluted with CH 2 C1 2 and washed with aqueous ammonia until the copper had been 
completely removed. The organic phase was washed with water then dried over 
anhydrous magnesium sulfate, filtered, and concentrated to afford the title compound as a 
tan solid. This material was used without further purification. 

Binaphthyl bis(methyl ester) 73. 

To a solution of crude binaphthyl bis(oxazoline) 72 in THF (100 mL) was added water (5 
mL), trifluoroacetic acid (11 mL), and sodium sulfate (55 g). The resulting suspension 
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was stirred overnight at rt then filtered and concentrated in vacuo. The crude product was 
dissolved in CH2CI2 (200 mL) and pyridine (12 mL) and acetic anhydride (20 mL) were 
added. The mixture was stirred overnight at rt and then washed with 1 M HC1 (3 x 100 
mL), and water (100 mL). The organic phase was dried over anhydrous magnesium 
sulfate, filtered, and concentrated in vacuo. The resulting brown solid was recrystallized 
from ethyl acetate and then purified by radial chromatography on silica gel to afford 2.3 g 
(57%) of an ester amide as a white solid. 

To a solution of the ester amide (160 mg, 0.26 mmol) in methanol (3 mL) and 
THF (3 mL) was added a 1 M solution of NaOMe in methanol (5 mL). The mixture was 
stirred at rt for 1.5 d then neutralized with methanolic acetic acid and concentrated in 
vacuo. The crude material was partitioned between water and CH2CI2. The organic phase 
was dried over anhydrous magnesium sulfate, filtered, and concentrated in vacuo to 
afford the bis(ester) 73 as a colorless solid, mp 154.4-155.5 °C, [a] -17° (c = 0.3, 
MeOH). 




1)n-BuLi 



2) Mel 



Ma >CHO 
Bu 




Dihydronaphthalene 41. 28 

A solution of naphthyloxazoline 39 (200 mg, 0.79 mmol) in THF was cooled to -78°C 
and a solution of n-butyllithium (0.79 mL, 1.5 M in hexanes, 1.19 mmol) was added 
dropwise. The mixture was stirred at -78°C for 2 h then iodomethane (1.21 mL, 2.37 
mmol) was added. The mixture was warmed to rt, stirred for lh, then quenched with 
saturated aqueous ammonium chloride (30 mL). The mixture was extracted with CH2CI2 
(3 x 30 mL) and the combined organic extracts were dried over anhydrous sodium 
sulfate, filtered, and concentrated in vacuo. The crude material was purified by flash 
chromatography on silica gel to afford 259 mg (100%) of the title compound as a 
colorless oil. "H NMR (300 MHz, CDC1 3 ) 8 7.3-7.0 (m, 4 H), 6.40 (d, J = 9.8 Hz, 1 H), 
5.96 (dd, / = 4.3, 9.8 Hz, 1 H), 4.1-3.9 (m, 2 H), 3.83 (dd, J = 7.0, 10.0 Hz, 1 H), 2.4-2.3 
(m, 1 H), 1.64 (s, 3 H), 1.6-1.2 (m, 6 H), 1.0-0.8 (m, 3 H), 0.87 (s, 9 H). 



Aldehyde 43. 

To a solution of dihydronaphthalene 41 (250 mg, 0.77 mmol) in CH2CI2 (5 mL) was 
added methyl trifluoromethanesulfonate (227 mg, 1.38 mmol). The mixture was stirred at 
rt until the starting material had been completely consumed as judged by TLC analysis (3 
h). The mixture was cooled to 0°C and a solution of NaBEL (111 mg, 2.92 mmol) in 4: 1 
MeOH:THF (3 mL) was slowly added. The mixture was warmed to rt then quenched 
with saturated aqueous ammonium chloride (50 mL). The resulting mixture was extracted 
with CH2CI2 (3 x 50 mL) and the combined organic extracts were dried over anhydrous 
sodium sulfate, filtered, and concentrated in vacuo. The resulting material was dissolved 
in 4:1 THF/H2O (5 mL) and oxalic acid (485 mg, 3.85 mmol) was added. The reaction 
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mixture was stirred at rt for 12h then was quenched with saturated aqueous sodium 
bicarbonate (50 mL). The resulting mixture was extracted with CH 2 C1 2 and the combined 
organic extracts were dried over anhydrous sodium sulfate, filtered, and concentrated in 
vacuo. The crude product was purified by flash chromatography on silica gel to afford 
134 mg (76%) of the title compound as a colorless oil. J H NMR (300 MHz, CDC1 3 ) 8 
9.80 (s, 1 H), 7.2-7.1 (m, 4 H), 6.45 (dd, / = 2.1, 9.8 Hz, 1 H), 5.95 (dd, J = 3.8, 9.8 Hz, 
1 H), 2.5-2.4 (m, 1 H), 1.4 (s, 9 H), 1.5-1.2 (m, 6 H), 0.87 (t, / = 7.1 Hz, 3 H). 
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6.6 Robinson-Gabriel Synthesis 

6.6.1 Description 

The Robinson-Gabriel cyclodehydration of 2-acylamidoketones 1 is one of the oldest yet 
most versatile synthesis of 2,5-di- and 2,4,5-trialkyl, aryl, heteroaryl-, and 
aralkyloxazoles 2. 1 




6.6.2 Historical Perspective 

In 1909, Robinson demonstrated the utility of acylamidoketones as intermediates to aryl- 
and benzyl-substituted 1,3-oxazoles through cyclization with sulfuric acid. la Extension 
of sulfuric acid cyclization conditions to alkyl-substituted oxazoles can give low yields, 
for example 10-15% for 2,5-dimethyl-l,3-oxazole. 2 Wiegand and Rathburn found that 
polyphosphoric acid can provide alkyl-substituted oxazoles 4 in yields equal to or greater 
than those obtained with sulfuric acid. 3 Significantly better yields are seen in the 
preparation of aryl- and heteroaryl-substituted oxazoles. For example, reaction of 
ketoamides 5 with 98% phosphoric acid in acetic anhydride gives oxazoles 6 in 90-95% 
yield 4 



HN 





3 



PPA 



150°C 



O' 



a R = H 20 % 

b R = Me 40 % 
c R = n-C 3 H 7 61 % 



HN 



rA 




OO 



V /~ N v 



98% H3PO4 
Ac 2 




a R = Ph 95 % 

bR = p-MeOC 6 H 4 94% 
c R = 3-pyridyl 90 % 



6.6.3 Mechanism 

Wasserman demonstrated with 18 labeling studies that the amide carbonyl oxygen is 
incorporated into the oxazole ring upon cyclization of ls O-labeled 2- 
benzamidopropiophenone consistent with the mechanism shown below. 5 
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Ri^O' 



6.6.4 Variations and Improvements 

Wipf and Miller have reported side-chain oxidation of 3-hydroxy amides with the 
Dess-Martin periodinane, followed by immediate cyclodehydration with 
triphenylphosphine-iodine, which provides a versatile extension of the Robinson-Gabriel 
method to substituted oxazoles. 6 Application of this method was used to prepare the 
oxazole fragment 10 in 55% overall yield from (3-hydroxy amide 8. 



)zHN O /^oH 



CbzHN 



Dess- 

>- 

Martin, 

CH 2 CI 2 CbzHN 




O 



./ 



Ph 3 PI 2 
Et,N 




CbzHN 



10 

55% 



More recent examples have employed a milder reagent system, triphenyl- 
phosphine and dibromotetrachloroethane to generate a bromo-oxazoline, which is 
subsequently dehydrohalogenated. Wipf and Lim utilized their method to transform 
intermediate 11 into the 2,4-disubstituted system of (+)-Hennoxazole A. 7 Subsequently, 
Morwick and coworkers reported a generalized approach to 2,4-disubstituted oxazoles 
from amino acids using a similar reagent combination, triphenylphosphine and 
hexachloroethane. 8 



OTIPS 




1 . Dess-Martin, CH 2 CI 2 

2. Ph 3 P, BrCCI 2 CCI 2 Br 



3. TBAF, THF 

42% 



OMe H 



(+)-Hennoxazole A 



Cyclodehydration of 2-acylamino carbonyl compounds with the Burgess reagent 9 
has been shown by Brian and Paul to proceed rapidly and cleanly under monomode 



10 



microwave conditions. For example, irradiation of 1 for 2-4 min at 100 W afforded 
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oxazoles 2 in excellent yield. It is also noteworthy that these conditions provided a high- 
yielding synthesis of 2-monosubstituted oxazoles 13, which are historically problematic 
to prepare from 2-acylamino aldehydes. 

o o 

K , R 2 Et 3 N-|N A OMe N R 2 

R^ Vn ^ *<-<X 

x O „/"° 2-1 min @ 1 00 W 0-"S 



R ; c_ ' u -—•« w ^ R; 



3 80-100% 

1 2 



3 



R, = Me or Ph 
R 2 = H or Me 
R 3 = Me or Ph 



O O 

h h „ .i..A 



N H /fct O 1 min® 100 W r<=/ 0"^ h 



12 13 

R = 3-OPh, 93% 
R = 2,4-DiMe, 81% 

Pulici and coworkers have reported a solid-phase variation of the Robinson- 
Gabriel for the production of parallel libraries of oxazole-containing molecules. 12 The 
preparation is based on a solid supported 2-acylamino ketone 16 that can be cleaved by 
means of a volatile anhydride and cyclized in solution to obtain a substituted oxazole ring 
(17) that does not contain traces of the linker moiety. 

O Rb 2 C0 3 (6.6 eq) H ° 

(1 eq, 0.1 M) 

14 15 



O 



R .JL R v°o TPAA R - 

R CI ^ {**. | V TFAA jj -\ 

Et 3 N, DCM W^-N^^r DMF, rt, 7h* N^ 

rt ' 5h 3-40% 

16 17 

6.6.5 Synthetic Utility 

Meguro and co-workers described the synthesis and hypoglycemic activity of 4- 
oxazoleacetic acid derivatives. 13 For example, cyclization of 18 was performed by using 
phosphorus oxychloride in refluxing toluene to provide 5-methyl-2-(l- 
methylcyclohexyl)-4-oxazoleacetate in 73% yield and the subsequent hydrolysis gave 19. 
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Nicolaou and co-workers established the severely strained A-ring oxazole (21) in 
their total synthesis of antitumor agent diazonamide A through initial oxidation of the 
hindered alcohol of intermediate 20 with TPAP and subsequent Robinson-Gabriel 
cyclodehydration of the resultant ketoamide with a mixture of POCU and pyridine (1:2) 



at 70 C. 



14 




°v^ o 1 . pocis 

N'^^Soh toluene, 73% 



18 



2. NaOH 




V 

19 




1 TPAP 



MOM 



2. POCI3, py, 70°C 
33% - 2 steps 



FmocH 1 



20 




MOM 



Workers at Lilly prepared the oxazole-containing, dual PPAR a/y agonist 23, 
through Robinson-Gabriel cyclodehydration of ketone 22 with acetic anhydride and 
sulfuric acid in refluxing ethyl acetate. 




H 



22 



H H 2 SO, 




6. 6. 6 Experimental 

2-{4-[2-(2-Biphenyl-4-yl-5-methyl-oxazol-4-yl)-ethoxy]-phenoxy}-2-methyl- 
propionic acid (23)Ketone 22 (5.00 g, 10.51 mmol) was dissolved in 40 mL EtOAc. 
Acetic anhydride (3.22 g, 31.54 mmol) and 95-98% sulfuric acid (0.31 g, 3.16 mmol) in 
2.5 mL EtOAc were added and the mixture was heated at reflux for 3 h. The reaction 
mixture was cooled and 5N NaOH (12.6 mL, 63 mmol) diluted to 25 mL with water was 
added. The reaction was heated at reflux for 30 min, and then cooled to room 
temperature. The resulting layers were separated. The organic layer was washed with 
IN HC1 and 10% brine, dried (Na 2 S0 4 ), concentrated in vacuo to 26.5 g, and stirred 
overnight at room temperature. The resulting slurry was diluted with heptane (24 mL) 
and cooled at 0°C for 1 hour. Filtration and drying yielded 4.21 g (88% yield) of 23 in 
95% yield as a white solid: mp 141-143.5°C; 'H NMR (300 MHz, DMSO-de) 8 7.99 (d, 
J = 9.0 Hz, 2H), 7.80 (d, J = 6.0 Hz, 2H), (d, J = 9.0 Hz, 2H), 7.49 (t, J = 7.6 Hz, 2H), 



Chapter 6. Oxazoles and Isoxazoles 253 



7.38 (t, J = 7.6 Hz, 1H), 6.91-6.79 (m, 4H), 4.17 (t, J = 6.4 Hz, 2H), 2.92 (t, J = 6.4 Hz, 
2H), 2.36 (s, 3H), 1.44 (s, 6H); 13 C NMR (75 MHz, DMSO-da) 8 175.0, 158.1, 153.6, 
148.8, 145.1, 141.4, 139.1, 132.8, 129.0, 127.9, 127.1, 126.6, 126.0, 121.0, 114.9, 78.9, 
66.5, 25.7, 24.9; HRMS-FAB (m/z): [M+H] + calcd for C^H-gNO;, 458.1967; found, 
458.1958; Anal. Calc'd for C 28 H27N0 5 : C, 73.51; H, 5.95; N, 3.06. Found: C, 73.81; H 
6.16; N, 3.13. 
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6.7 van Leusen Oxazole Synthesis 

6.7.1 Description 

The van Leusen reaction forms 5-substituted oxazoles through the reaction of p- 
tolylsulfonylmethyl isocyanide (1, TosMIC) 1 with aldehydes in protic solvents at 
refluxing temperatures. Thus 5-phenyloxazole (2) is prepared in 91% yield by reacting 
equimolar quantities of TosMIC and benzaldehyde with potassium carbonate in refluxing 
methanol for 2 hrs. 2 




6.7.2 Historical Perspective 

In 1972, van Leusen, Hoogenboom and Siderius introduced the utility of TosMIC for the 
synthesis of azoles (pyrroles, oxazoles, imidazoles, thiazoles, etc.) by delivering a 
C-N-C fragment to polarized double bonds. In addition to the synthesis of 5- 
phenyloxazole, they also described reaction of TosMIC with p-nitro- and p-chloro- 
benzaldehyde (3) to provide analogous oxazoles 4 in 91% and 57% yield, respectively. 
Reaction of TosMIC with acid chlorides, anhydrides, or esters leads to oxazoles in which 
the tosyl group is retained. For example, reaction of acetic anhydride and TosMIC 
furnish oxazole 5 in 73% yield. 2 




3 



1;K 2 C0 3 

1 

MeOH, reflux 

X = N0 2 , CI 




O O 

AA 



1,n-BuLi, THF 



-60 °C to 20 °C, 2 h 
73% 



Tos 






Van Leusen and co-workers also demonstrated the condensation of 
heteroaromatic aldehydes with TosMIC. 3 Table 6.7.1 shows the 5-heteroaryloxazoles 6 
prepared in 47-88% yield in the presence of equimolar amounts of potassium carbonate 
in refluxing methanol. 
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Table 


6.7.1. 5-Heteroaryloxazoles 


HetCHO - 


TosMIC, K 2 C0 3 

»~ 

MeOH, reflux 


Het' 


sr. 


Het = 






Yield (%) 




X= H 

N0 2 
C0 2 Me 




82 
83 
88 


X^e,''^- 


X= H 

N0 2 




80 
68 



Fl 47 

N 




82 (o) 
80 (m-) 
67 (p-) 



Van Leusen and Possel described the use of mono-substituted tosylmethyl 
isocyanides (TosCHRN=C; R = alkyl, benzyl, allyl) in the synthesis of 4,5-substituted 
oxazoles. 4 For example, 4-ethyl-5-phenyloxazole (8) was prepared in 82% yield by 
refluxing oc-tosylpropyl isocyanide (7) and benzaldehyde for 1 hr with 1.5 equivalent of 
K 2 C0 3 in MeOH. 

9 00 -"N-n 




H 



yc K.C03 t ^J 

^ / MeOH, reflux [[J 




82% 



6.7.3 Mechanism 

The propensity of isocyanides to undergo nucleophilic a-additions at the terminal carbon, 
together with the presence of an activated methylene and a potential leaving group (i.e. 
tosyl), led van Leusen to suggest the following reaction path: 
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/- O 
R 

11 



+H + 



Tos^N-y-H 

R 
12 



-TosH 



H y 



13 



Thus attack of the TosMIC anion 9 on a carbonyl carbon is followed (or 
accompanied) by ring closure of the carbonyl oxygen to the electrophilic isocyano carbon 
to form an oxazoline (12). Loss of p-tolylsulfinic acid provides the 5-substituted oxazole 
13. 2 

6. 7.4 Variations and Improvements 

Van Leusen and co-workers also demonstrated the utility of dilithio-tosylmethyl 
isocyanide (dilithio-TosMIC) to extend the scope of the application. 5 Dilithio-TosMIC is 
readily formed from TosMIC and two equivalents of n-butyllithium (BuLi) in THF at - 
70°C. Dilithio-TosMIC converts ethyl benzoate to oxazole 14 in 70% yield whereas 
TosMIC monoanion does not react. In addition, unsaturated, conjugated esters (15) react 
with dilithio-TosMIC exclusively through the ester carbonyl to provide oxazoles (16). 
On the other hand, use of the softer TosMIC -monoanion provides pyrroles through 
reaction of the carbon-carbon double bond in the Michael acceptor. 



O^' 



Tos^/\-H 
1 ; BuLi (2 eqs), THF ^\_ / 

O 14 



-70°C to 0°C, 0.3 h 



Ph 



OMe 



15 



1; BuLi (2 eqs), THF 

^- 

-70°C to 0°C, 2 h, 53% 



Tos-- v - l V-H 



J. 



6 



Workers at SmithKline Beecham extended the synthetic access to interesting 
mono- and di-substituted oxazoles through an improved procedure for aryl-substituted 
TosMIC reagents. 63 For example, glyoxylic acid ethyl ester undergoes cycloaddition with 
(2-naphthyl) tosylmethyl isonitrile (17) to produce oxazole 18 in good yield. 6b 
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OEt 
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Recently, Ganesan and Kulkami reported a solid-phase version of TosMIC and 
demonstrated its utility in the synthesis of 5-aryloxazoles. 7 They prepared the resin (PS- 
TosMIC) starting with polystyrene-SH through dehydration of N-(p-tolylsulfonylmethyl)- 
formamide (20) with PI13P/CCI4. They observed that elimination of p-tolylsulfinic acid 
from the intermediate oxazoline takes place at room temperature and found quaternary 
ammonium hydroxide to be the optimum base. Yields of oxazoles 22, following 
preparative TLC, ranged from 25-50% for ten demonstrated aromatic aldehydes. 



Q^SH 
polystyrene-SH 



jCr 



2 H 



"CHO 



KOfBu, DMSO/THF 



*■ Qu* 
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CHO 
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m-CPBA 
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CH2CI2 



O ,0 



20 



PPh a , CCU 



CHO Et 3 N,CH 2 CI 2 



o.P 



Ol^ 



21 



-NC 



ArCHO 



Bu 4 N + OH" 
25-50% 




Ganesen and Kulkami also reported use of Ambersep 900 hydroxide resin as an 
ion-exchange base with TosMIC to prepare a variety of aromatic oxazoles in good 
isolated yields (54-85%) but moderate crude purities (57-94%). 8 Barrett and co-workers 
recently utilized ring-opening metathesis, polymer-supported (ROMPgel) TosMIC 
reagent 23, for the conversion of a range of aromatic and heteroaromatic aldehydes to 
oxazoles. 9 Products were isolated without chromatography in excellent purity (> 95%) 
and in 68-90% yield. Electron rich aldehydes such as benzaldehyde and anisaldehyde 
could only be driven to 90 and 66% conversion, respectively, by this method. 
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6.7.5 Synthetic Utility 

The development of the key intermediate, 5-(2-methoxy-4-nitrophenyl)oxazole (25), in 
the preparation of the hepatitis C drug candidate, VX-497, utilizes a van Leusen reaction 
of aldehyde 24 with TosMIC. 10 
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Workers at Lilly prepared the oxazole-containing partial ergot alkaloid, 27, a 5- 
HT1A agonist, through van Leusen reaction of aldehyde 26. 11 
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6.7.6 Experimental procedure 
6-(5-OxazoyI)-A/,AT-dipropylbenz[cc0indole-4-aniine(27). 

To a solution of the aldehyde 26 (20.0 g, 70.4 mmol) in MeOH (200 mL) was added 
NaOMe (12.8 g, 237 mmol) as a solid portion-wise. After the solution was stirred for 5 
min, tosylmethyl isocyanide (16.5 g, 84.5 mmol) was added as a solid portion-wise. The 
resulting solution was refluxed for 5 h, after which water (100 mL) was added to the hot 
reaction mixture. After cooling to rt, the mixture was cooled at 0°C and filtered. The 
solid was washed with cold 50% MeOH in water to afford 18.4 g (81%) of 27 as a tan 
solid. An analytically pure sample of 27 could be acquired by passing the material 
through a silica plug with EtOAc: mp 165-166°C; ! H NMR (500 MHz, CDC1 3 ) 8 7.94 (s, 
2 H), 7.48 (d, J = 8.4 Hz, 1 H), 7.22 (d, J = 8.4 Hz, 1 H), 7.19 (s, 1 H), 6.90 (s, 1 H), 3.25 
(m, 2 H), 3.01 (m, 2 H), 2.82 (m, 1 H), 2.59 (m, 4 H), 1.49 (q, J = 7.2, 14.6 Hz, 4 H), 0.92 
(t, J = 7.3 Hz, 6 H); 13 C NMR (75 MHz, CDC1 3 ) 5 151.8, 149.7, 133.6, 129.5, 127.1, 
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122.1, 121.8, 118.5, 115.9, 114.6, 108.8, 58.5, 53.1, 29.4, 23.8, 22.6, 11.9; MS mlz 323 
(M + ). Anal. Calc'd for C20H25N3O: C, 74.27; H, 7.79; N, 12.99. Found: C, 74.33; H, 7.90; 
N, 13.19. 
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7.1 Auwers Flavone Synthesis 

7.1.1 Description 

The Auwers flavone synthesis consists of treatment of dibromo-coumarones 1 with 
alcoholic alkali to give the flavonols 2. 1 It can also be described as the three-step 
sequence of 3 — * 6. 
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7.2.2 Historical Perspective 

In 1908, while working at University of Heidelberg, Auwers and Miiller described the 
transformation of 4-methyl-2-cumaranone (3) to flavanol 6. 2 Thus aldol condensation of 
3 with benzaldehyde gave benzylidene derivative 4, which was brominated to give 
dibromide 5. Subsequent treatment of 5 with alcoholic KOH then furnished 2- 
methylflavonol 6. In the following years, Auwers published more extensively on the 
scope and limitations of this reaction. 3-5 
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reflux, 10 min. 




7.2.3 Mechanism 

There is no published mechanistic study on the Auwers flavone synthesis. The 
mechanism may involve the nucleophilic addition of oxonium 7, derived from 1, with 
hydroxide to give 8. Base-promoted ring opening of 8 could provide the putative 
intermediate 9, which then could undergo an intramolecular Michael addition to form 10. 
Expulsion of bromide ion from 10 would then give flavonol 2. 
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7.1.4 Variations and Improvements 

Auwers 3-5 and others 6 soon discovered that the transformation 3 — » 6 did not consistently 
give flavonols such as 2. For example, alcoholic alkali treatment of dibromide 11 
produced 2-benzoyl-benzofuran-3-one 12 instead of the corresponding flavonol. The 
same observation was made by Robert Robinson in a failed attempt to make datiscetin in 
1925. 7 It has reported that when there is a meta (to the coumarone ring oxygen) 
substituent such as methyl or methoxy, flavonol formation is hindered, whereas methyl, 
methoxy, and chlorine substituents at the ortho and para positions are conducive to 
flavonol formation. 1 




7.2.5 Synthetic Utility 

Adopting Auwers' original method, Milton and Stephen prepared 2-chloroflavonol 16 
from 4-chlorocoumaran-2-one 13 in 3 steps in 70% overall yield. 8 4-Chloroflavonol was 
synthesized via the same sequence. The same group also carried out the bromination of 
2-benzylidenedihydro-b-naphthafurano-l-one (17) and subsequently treated the 
dibromide with aqueous potassium hydroxide to give 5,6-benzflavonol 18. 9 However, 
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considerable difficulty was encountered in preparing the dibromides of the other 
arylidene compounds. 




13 
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In summary, the Auwers flavone synthesis has seen only very limited utility in 
organic synthesis. 

7.2.6 Experimental* 

7-Chloro-2-benzylidene-coumaran-3-one (14) 

A solution of coumaranone 13 (2.09, 12 mmol) and benzaldehyde (3.2 g, 30 mmol) in 
EtOH was heated at 60°C and 36% HCI (1 mL) was added slowly. On cooling, 14 
crystallized. The filtered and dried product melted at 143°C. 

7-Chloro-2-benzylidene-coumaran-3-one dibromide (15) 

To a solution of 14 (5.0 g, 20 mmol) in CHCI3 (10 mL) was added a solution of bromine 
(3.2 g, 20 mmol) in CHC1 3 (10 mL). After 24 h the solvent was removed at 20-25°C and 
the residue recrystallized from HOAc: 15, mp 147°C. 

8-Chlorotlavonol (16) 

A solution of 15 (2.09, 5 mmol) in EtOH (150 mL) was treated with 0.1 N KOH (100 
mL). The mixture was boiled for 10 min and the product was precipitated with water. 
Recrystallization from HOAc yielded 1 g of 16 (70%), mp 187°C. 
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7.2 Bucherer-Bergs Reaction 



7.2.1 Description 

The formation of hydantoin (2) from carbonyl compound 1 with potassium cyanide and 
ammonium carbonate or from cyanohydrin 3 and ammonium carbonate is referred to as 
the Bucherer-Bergs reaction. 1 ' 2 It belongs to the category of multiple-component 
reactions (MCR). 
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7.2.2 Historical Perspective 

In a German patent issued in 1929, Bergs described a synthesis of some 5-substituted 
hydantoins by treatment of aldehydes or ketones (1) with potassium cyanide, ammonium 
carbonate, and carbon dioxide under several atmospheres of pressure at 80°C. 3 In 1934, 
Bucherer et al. isolated a hydantoin derivative as a by-product in their preparation of 
cyanohydrin from cyclohexanone. 4 "* They subsequently discovered that hydantoins 
could also be formed from the reaction of cyanohydrins (e.g. 3) and ammonium 
carbonate at room temperature or 60-70°C either in water or in benzene. The use of 
carbon dioxide under pressure was not necessary for the reaction to take place. Bucherer 
and Lieb later found that the reaction proceeded in 50% aqueous ethanol in excellent 
yields for ketones and good yields for aldehydes. 6 

7.2.3 Mechanism 
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The mechanism that Bucherer and Steiner proposed in 1934 has mostly withstood the test 
of time. 5 However, they erroneously suggested that 5-imino-oxazolidin-2-one 7 was 
transformed to 2 via a one-step intramolecular rearrangement directly. Ironically, it was 
not until 1980s when it was concluded that the conversion went through an isocyanate 
intermediate (e.g. 8). 7-9 Thus the overall mechanism may be summarized as follows: 
Addition of ketone 1 with KCN gives rise to cyanohydrin 4, which is followed by an Sn2 
reaction with (NEL^CC^ to form aminonitrile 5. Nucleophilic addition of 5 to carbon 
dioxide leads to cyano-carbamic acid 6, which undergoes an intramolecular cyclization to 
5-imino-oxazolidin-2-one 7. Subsequently, 7 rearranges to hydantoin 2 via the 
intermediacy of isocyanate 8. 

7.2.4 Variations and Improvements 

The first improvement of the Bucherer-Bergs reaction was the Bucherer-Lieb variation 6 
using the diluted alcoholic solution as described at the end of section 7.2.2. The 
Bucherer-Lieb variation is possibly the most popular process for synthesizing 
hydantoins. Another notable variation is the Henze modification 10 ' 11 using fusing 
acetamide as the solvent in place of water, benzene or 50% alcohol. Recently, 
ultrasound-promoted hydantoin synthesis has been reported to accelerate the reaction. 1213 
Thiohydantoin 9 was obtained from the treatment of carbonyl 1 with carbon 
disulfide and ammonium cyanide in aqueous methanol. 14 The transformation could also 
be carried out step-wise, that is, treatment of 1 with ammonium cyanide to form 
aminonitrile 10 followed by reaction with carbon disulfide to produce thiohydantoin 9. 
Alternatively, 5,5-disubstituted 4-thiohydantoins could be prepared by the reaction of 
ketones with ammonium monofhiocarbamate and sodium cyanide. 15 

1 H 
tf NH 4 CN R \^ N v^S 

R 2 CS 2 R ^ NH 
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R U NH < CN H2 V 1 cs * R ixv s 



R' 
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1 10 9 



In at least one case, the standard Bucherer-Bergs conditions gave rise to oxazole 
rather hydantoin. Specifically, when 5-benzyloxy-pyridine-2-carbaldehyde (11) was 
treated with potassium cyanide, ammonium chloride, and ammonium carbonate in boiling 
ethanol/water, 5-amino-oxazol-2-ol 12 was obtained. Subsequent heating of oxazole 12 
with acetic acid at reflux overnight then produced the Bucherer-Bergs product, hydantoin 
13. 16 
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7.2.5 Synthetic Utility 

Many hydantoins are endowed with significant pharmacological activities as highlighted 
by 5,5-diphenylhydantoin (Dilantin®), an anticonvulsant and antiepileptic discovered by 
Parke-Davis in 1940' s. Despite the lapse of more than half a century, Dilantin® still 
plays an important role in modern medicine. Meanwhile, another anticonvulsant 15 was 
synthesized from 9,10-dimethoxy-l,3,4,6,7,l lb-hexahydro-pyrido[2,l-a]isoquinolin-2- 
one (14) under the standard Bucherer-Lieb variation in a 2:1 water-ethanol solution 
(15a:15b = 8:l). 17 
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In addition, Sarges et al. at Pfizer prepared spirohydantoins such as 17 by 
significantly modifying the standard Bucherer-Bergs conditions, which gave very low 
yields. 1819 The best conditions were: use of 2 mol of KCN and 7 mol of (NR^CCb per 
mole of ketone (e.g. 16), addition of 1 mole of NaHS0 3 , use of formamide as the solvent 
(lower melting point than acetamide as employed in the Henze modification), and 
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running the reaction at a maximum temperature of 50°C for 3 days. These conditions 
produced spirohydantoin 17 in 50% yield from ketone 16. 

The hydantoin moiety has been utilized as a biostere for the peptide linkage, 
transforming a peptide lead into an orally available drug candidate. Therefore, an 
Arg-Gly-Asp-Ser tetrapeptide (18) lead structure was modified to a non-peptide RGD 
mimetic as an orally active fibrinogen receptor antagonist 19. 20,21 
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Notably, some substrates possess enough steric bias to exert sterospecificity for 
the Bucherer-Bergs reaction. For instance, ketone 21, derived from enone 20 via a 
Corey-Chaykovsky reaction, underwent a Bucherer-Bergs reaction to fashion 
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Furthermore, pharmacological active hydantoins 23-26 have been synthesized 



utilizing the Bucherer-Bergs conditions. 
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The other most important synthetic utility of the Bucherer-Bergs reaction is the 
preparation of amino acids from the hydrolysis of hydantoins. When carbonyl 1 was 
symmetrical, the Henze modification gave hydantoin 2, which was then hydrolyzed to the 



corresponding amino acid 27. 27 In another example, indolyl aldehyde 28 was converted 
to hydantoin 29 using the Bucherer-Lieb variation. 28 The difficult hydrolysis of 
hydantoin 29 was accomplished using the following conditions: the free amino acid was 
obtained by heating 29 with water and Ba(OH>2 at 160°C in a bomb for 12 h. Converting 
the free amino acid to the HCI salt allowed for the easy separation of inorganic material. 
The resulting compound was then transformed to the zwitterionic species 30, a 
conformational^ constrained amino acid. 
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When a steric bias exists for the carbonyl substrate, a selectivity issue arises. 
There are cases where the substrates are sufficiently sterically biased so that the 
Bucherer-Bergs reaction occurs specifically. Using 3-ferf-butyl-cyclohexanone (31) as 
an example, the Bucherer-Bergs reaction was followed by hydrolysis to deliver (/?)-l- 
amino-3-fer?-butyl-cyclohexanecarboxylic acid (32) exclusively. 29 ' 3 Interestingly, the 
Strecker synthesis conditions transformed 28 to the enantiomer of 32, that is, (S)-l- 
amino-3-ferf-butyl-cyclohexanecarboxylic acid (33), as a single stereoisomer. The 
Strecker synthesis was carried out by converting ketone 31 to the corresponding imine, 
which was treated with KCN to produce amino nitrile intermediate, which was then 
hydrolyzed to the final amino acid 33. Similar results have been observed with 
adamantan-2-one (34) as the substrate. The Bucherer-Lieb variation on 34 gave 
hydantoin 35 as a single stereoisomer. The difficult hydrolysis of hydantoin 35 was then 
carried out under high pressure and high temperature to afford the corresponding amino 
acid 36. 30 
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At the other extreme of the stereoselectivity spectrum of the Bucherer-Bergs 
reaction, the steric bias is sometimes not powerful enough to exert any selectivity at all, 



as exemplified by the conversion of 37 
mixture of two diastereomers. 
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In most cases, however, many substrates give a mixture of stereoisomers with a 
certain degree of stereoselectivity. When ketone 39 was treated with potassium cyanide 
and ammonium carbonate in ethanol/water, a mixture of epimeric hydantoins 40 and 41 



were isolated. Similarly, the Bucherer-Bergs reaction of ketone 42 gave rise to a 
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mixture of diastereomers 43 and 44 in a 87:13 ratio. Finally, oxoproline 45 underwent 
the Bucherer-Bergs reaction to afford a mixture of diastereomers 46 and 47 in a 6:94 
ratio. The major diastereomer 47 was further manipulated to deliver the natural product 
(-)-cucurbitine (48). 
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In summary, the Bucherer-Bergs reaction converts aldehydes or ketones to the 
corresponding hydantoins. It is often carried out by treating the carbonyl compounds 
with potassium cyanide and ammonium carbonate in 50% aqueous ethanol. The resulting 
hydantoins, often of pharmacological importance, may also serve as the intermediates for 
amino acid synthesis. 
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7.2.6 Experimental 
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Spiro hydantoin 15 17 

Using the standard Bucherer-Lieb variation, a mixture of 9,10-dimethoxy-l,3,4,6,7,llb- 
hexahydro-pyrido[2,l-a]isoquinolin-2-one (14, 3 g, 12 mmol), potassium cyanide (1.17 
g, 18 mmol) and ammonium carbonate (6.9 g) was dissolved in a 2:1 water-ethanol 
solution (45 mL). The reaction flask was sealed and heated for 48 h in an oven at 60°C. 
The cooled reaction mixture left a precipitate, which was filtered to yield 3.7 g (97%) of 
crude hydantoin 15. Further analysis revealed that it was consisted of 83% of (±)- 
25,1 lbS isomer 15a and 9% of (±)-2R,l lbS isomer 15b. 
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7.3 Cook-Heilbron 5-Amino-Thiazole Synthesis 

7.3.7 Description 

The Cook-Heilbron reaction involves the reaction of a-aminonitriles with salts and esters 
of dithioacids, carbon disulfide, carbon oxysulfide, and isothiocyanates under extremely 
mild conditions to form 5-aminothiazoles. 




7.3.2 Historical Perspective 

Prior to the 1947 report by Cook and Heilbron on their novel synthesis, 5-aminothiazoles 
were mostly unknown in the literature. Previous syntheses included the Curtius 
degradation of ethyl thiazole-5-carboxylates which did not have general applicability; 
there was also difficultly in obtaining the necessary starting materials. During a study on 
penicillin, 1 Cook and Heilbron found that the reaction between methyl 
dithiophenylacetate and ethyl aminocyanoacetate gave what was initially believed to be 
ethyl phenylthionacetamidocyanoacetate 4. However further studies proved the 
compound to be 5-amino-4-carbethoxy-2-benzyl-thiazole 5, which was basic. 
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Further investigation on this type of thiazole synthesis in subsequent years led to 
the preparation of 5-aminothiazoles in which the 2-position was varied through reaction 
of the aminonitrile with salts and esters of dithioacids, carbon disulfide, carbon 
oxysulfide, and isothiocyanates. 
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7.3.3 Mechanism 

The mechanism of the Cook-Heilbron reaction between a-aminonitriles and dithioformic 
ester 6 proceeds via an acyclic intermediate 7, as proven by its isolation in several cases. 
Nucleophilic attack of the amine function on the sulfur-bearing carbon leads to the 
elimination of hydrogen sulphide. Cyclization of the acyclic thiacetoamide results in a 
five membered ring which aromatises favourably to give 5-amino-2-benzylthiazole 8. 
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7.3.4 Variations and Improvements 

The reaction of a-aminonitriles and carbon disulphide was stated by Cook and Heilbron 
to give 5-amino-2-mercaptothiazoles; however, they later found that the same reaction 
with aminoacetonitrile was more complex. 2 When aminoacetonitrile sulphate in 
ethanolic solution was treated with carbon disulphide, the dithiodicarbamate 9 was 
formed. Benzylation was then carried out; treatment of the resulting ester 10 with 
phosphorus tribromide with subsequent loss of water gave 5-amino-2-benzylthiothiazole 
11 in a quantitative fashion. The rapid reaction was thought to be the first example of the 
formation of a 5-aminothiazole from an a-aminoamide. 
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The synthesis of 5-aminothiazoles via the reaction of isocyanate derivatives with 
aminomalononitrile p-toluenesulfonate (AMNT) has been investigated. 3 It was found 
that AMNT 12 reacted with alkyl and aryl isothiocyanates in l-methyl-2-pyrrolidine 
(NMP) to furnish 5-amino-2-(alkylamino)-4-cyanothiazoles (13a) and 5-amino-2- 
(arylamino)-4-cyanothiazoles (13b-c) in 44-81 % yields. 4-7 
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These thiazoles are of specific interest in that they display exceptional 
pharmacological properties. 6 ' 7 Additionally, the unsaturated 2-aminonitrile functionality 
of the above thiazoles is recognized for its versatile functionality and therefore for its 
ensuing significance in the synthesis of heterocycles. 6 The synthetic utility of thiazoles 
13a-f is illustrated by the reactions of the unsaturated 2-aminonitrile functionality in 
compounds 13b and 13c with formamidine acetate, resulting in the thiazolopyrimidines 
14a and 14c respectively. The synthesis of this relatively rare family of heterocycles 
provides a route into structurally similar bioactive compounds. 8-11 

7.3.5 Synthetic Utility 

7.3.5.1 With dithioacid 

The synthesis of 5-arnino-4-carbethoxy-2-benzylthiazole 17 via the reaction of ethyl 
aminocyanoacetate 15 with methyl dithiophenylacetate 16 provided the first general 
synthesis of the previously little known 5-aminothiazoles. Similarly, the reaction 
between aminoacetonitrile 18 and sodium dithiophenylacetate 19 at room temperature 
gave 5-amino-2-benzylthiazole 20 in excellent yield. 
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Similar syntheses carried out with sodium dithioformate 21 instead of 
dithiophenylacetate gave 5-amino-4-carbethoxythiazole 22 in a facile reaction, where 22 
is identical with the product obtained by heating the analogous 2-mercaptothiazole with 
Raney nickel. 12 
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15 21 22 

7.3.5.2 With carbon disulphide 

Cook and Heilbron report the formation of highly crystalline Schiff bases via the reaction 
of 5-aminothiazoles and acetone, aldehydes such as cinnamaldehyde, or ketones such as 
acetophenone. 12 The reaction of a-aminobenzyl cyanide 23 with carbon disulphide 2 
gave 2-mercaptothiazole 24 which was subsequently condensed with acetone to give the 
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Schiffs base 25. It was also observed that the stability of 5-amino-2-mercaptothiazoles 
varied depending on the nature of the 4-position substituent 
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Several examples exist for the conversion of 5-aminothiazoles into the 
corresponding thiazolopyrimidines. 15 Shaw and Butler 16 report the formation of 
aminothiazole thiocarboxyamide 27 from the thioamide 26 and carbon disulphide using 
Cook and Heilbron's procedure. 17 Methylation of 27 gave carboxythioimidate 28 which 
then reacted with sodium hydroxide to give amino-nitrile 29, and with formic acid and 
acetic anhydride to give the thiazolopyrimidine 30. 
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7.3.5.3 With carbon oxysulphide 

The reaction of carbon oxysulphide with a-aminonitriles results in 5-amino-2-hydroxy 
thiazoles; these are structurally similar to the 2-mercaptothiazoles but are found to be less 
stable, readily undergoing cleavage or rearrangement to give 4-thiohydantoins. 18 Thus 
the reaction between ethyl aminocyanoacetate and carbon oxysulphide 31 in ether 
afforded 5-amino-2-hydroxy-4-carbethoxythiazole 32, which in the presence of aqueous 
ammonia was converted into 5-carbethoxy-4-thiohydantoin 33. When using sodium 
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carbonate in place of aqueous ammonia the monohydrated sodium salt of the 
thiohydantoin was isolated as an intermediate. 

E V EtO^f EtO^f 

I + 0=C=S - V-N - V-nh 

H ^ N CN H 2 N-< s >-OH S^ N >-0 

H 
15 31 32 33 

The synthesis of amino acids, amino mercapto acids and polypeptides has been 
made more facile with the use of 2-mercapto-5-thiazolone as a precursor. 2 However, it 
has been found that in order to synthesize these biologically important moieties, 2- 
mercapto-5-thiazolone does not undergo the necessary ring fissions or rearrangements as 
readily as desired. In order to improve on this activity the 2-hydroxy analogue was 
required and a route envisaged to its preparation. Accordingly, a-aminobenzylcyanide 34 
and carbon oxysulphide were reacted in ethanol resulting in 5-amino-2- 
hydroxyphenylthiazole 35. Similarly, reaction between ethyl aminocyanoacetate and 
ethereal carbon oxysulphide gave 5-amino-2-hydroxy-4-carbethoxythiazole 36. 
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7.3.5.4 With isothiocyanate derivatives 

The base-catalysed isomerisation of thiazoles to imidazoles initially reported by Cook et 
al. 19 has been further investigated more recently. One notable example reports the 
reaction of 2-amino-2-cyanoacetamide 37 with benzylisothiocyanate to give 5- 
aminothiozole 38. 20 Base-catalysed isomerisation resulted in the corresponding 
imidazole 39. 
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The formation of 5-benzamido-2-mercapto glyoxalines via the isomerisation of 
certain 5-amino-2-benzamidothiazoles in the presence of weak alkali has been reported. 21 
Further to this, the reactions between a-aminonitriles and ethyl isothiocyanatoformate 
were investigated. 22 Therefore, a-aminopropionitrile 40 was reacted with ethyl 
isothiocyanatoformate 41 to give an unstable, colourless compound which isomerised on 
standing to give 5-aminothiazole 42. Treatment of 42 with isocyanate 43 afforded the 
thiazole 44. Subsequent heating of either 41 or 42 with aqueous sodium carbonate 
caused isomerization resulting in glyoxaline 45. Elimination of the thiol group with 
Raney nickel then gave the glyoxoline 46. 
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The series of reactions outlined above were found to differ depending on the 
nature of the nitrile group, particularly on the electronegative character of the group 
attached to the aminonitrile carbon atom. For example, thioureido compounds resulting 
from the reactions of carbethoxyisothiocyanate and amino aceto- or propionitriles 
isomerised rapidly into thiazoles but those from a-aminobenzylnitrile cyclized at a less 
favourable rate and using ethyl aminocyanoacetate did not yield any cyclic isomeride. 19 

To overcome the instability problems, the acyl group at the 2-position of the 
thiazole was replaced by a more electropositive group. Thus the reaction between a- 
aminonitriles and methyl isothiocyanate were explored. 19 Reaction of aminoacetonitrile 
with equimolar methyl isothiocyanate gave the thiazole 47. Hydrolysis with concentrated 
HC1 gave 3-methyl-2-thiohydantoin 48. Reaction with dilute aqueous sodium carbonate 
gave 5-amino-2-mercapto-l-methylglyoxaline 49. 



h.n-^-n" COncHC ' ■ °^ K 

H I 



47 



Na 2 C0 3 (aq) F"NH 



48 



HsN-^^SH 



49 



7.3.6 Experimental 



CS 2 , EtOAc /7-N 

H 2 N^CN ^— J K SH 



18 



50 



5-Amino-2-mercaptothiazole (50): 23 

A solution of sodium methoxide, prepared from sodium (23 g) and dry methanol (500 
mL), was added drop-wise at °C to a stirred suspension of aminoacetonitrile 
hydrochloride (18, 100 g, 1.08 mol) in dry methanol (100 mL). After stirring for 2 h at it 
the precipitated sodium chloride was filtered off and the filtrate concentrated in vacuo. 
EtOAc (20 mL) was added and evaporated under reduced pressure to remove all traces of 
methanol. The oily residue was dissolved in dry EtOAc (100 mL) and anhydrous sodium 
sulfate added. After cooling, the precipitate was filtered off. The solution of crude 
aminoacetonitrile was used without further purification. This solution was added drop- 
wise during a period of 1 h to a vigorously stirred, ice-cooled solution of carbon 
disulphide (100 mL, 1.66 mol) in dry EtOAc (100 mL) under an N2 atmosphere. 
Continued mechanical stirring and water-free conditions were essential. The mixture was 
stirred at °C for 1 h. The resultant precipitate was filtered off, washed with Et20 and 
dried, giving the product 50 as yellow crystals (99 g, 75 % on amount of sodium), m.p. 
131 °C dec; IR (KBr): v max 1630, 1500 cm -1 . 
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7.4 Hurd-Mori 1,2,3-Thiadiazole Synthesis 

7.4.1 Description 

The Hurd-Mori 1,2,3-thiadiazole synthesis is the reaction of thionyl chloride with the N- 
acylated or tosylated hydrazone derivatives 1 to provide the 1,2,3-thiadiazole 4 in one 
simple step. 1-3 




In general, the reaction can be performed between 0-60°C with the majority of the 
reactions being run at room temperature. The reactivity of the hydrazones with either the 
acyl or tosyl leaving group with thionyl chloride depends on the substrate. However, the 
acylated hydrazones generally provide gaseous by-products where as the tosyl chloride 
reaction products have to be separated from the reaction mixture. 

7.4.2 Historical Perspective 

In 1955, Hurd and Mori first described the preparation of 1,2,3-thiadiazole as an 
unexpected product from the reaction of the hydrazone 5 and thionyl chloride. 4 The 
authors were attempting to prepare the six membered anhydride 7 in an analogous 
manner to the 5-membered anhydride 9, prepared from 8 using thionyl chloride. 5 
However, when the hydrazone 5 and thionyl chloride were mixed and heated at 60°C for 
1 hour followed by cooling, the thiadiazole acid 6 precipitated out and was isolated by 
filtration. This serendipitous discovery led to a significant advance in the synthesis of 
thiadiazoles. 
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Following the discovery of this novel reaction, many publications have studied 
this reaction for the purpose of elucidating the mechanism, identifying substrates capable 
of undergoing the Hurd-Mori cyclization, and discovering novel uses for the thiadiazole 
heterocyclic systems. Many thiadiazole-containing analogs have been identified as anti- 
thrombotic agents, 6 antibacterial agents, 7-10 sedatives, 11 anti-inflammatory agents, 12 
herbicides, 13 and, most recently, as plant activators or inducers of systemic acquired 
resistance (SAR) in plants. 14-16 



7.4.3 Mechanism 

The mechanism of the Hurd-Mori reaction has been discussed extensively in the review 
by Stanetty. 3 The mechanism of the reaction was initially postulated by Hurd-Mori based 
on the isolation of intermediate 10. 4 This intermediate was shown to transform into the 
desired thiadiazole upon heating in ethanol, either with or without acid. The reaction was 
thought to proceed via the four-membered intermediate 11, which would release the 
volatile ethylformate as a by-product. In 1995, Kobori and co-workers were able to 
isolate and determine crystallographically a very similar intermediate structure to 10 in 
their mechanistic studies of the reaction. 17 



Hurd-Mori proposed mechanism: 
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More elaborate mechanistic investigation on the reaction led to the discovery of a 
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strong starting material substituent effect in the reaction pathway. Depending on the 
substituent R, the interconversion of E and Z isomers can be quite facile, 19 which can 
result in the formation of reaction products from both isomers. The £-isomer 13 can 
cyclize to the intermediate 14 which would provide the thiadiazole directly or via 
intermediates 15 and 16. The Z-isomer 13 cyclizes to the anhydride 18 which can ring 
open further and recyclize under the reaction conditions to provide the thiadiazole 
intermediate 20, which then converts to 16 on the path to the product thiadiazole 17. 
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Proposed dual pathway mechanism: 
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A third variation to the mechanism from the work of Britton et al. is explained in 
the above scheme. 20 The proposed mechanism is based on the Pummerer-type 
rearrangements of the intermediate 23 which gives the intermediate 24 after the loss of 
sulfur dioxide and hydrogen chloride. The intermediate 24 can then undergo loss of the 
leaving group X through route a from the attack of the chloride anion to give the 
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thiadiazole 25. Alternatively, loss of the proton from the methylene group via route b 
followed by further loss of the X leaving group can result in the intermediate 28. 

7.4.4 Variations and Improvements 

The Hurd-Mori reaction is generally conducted at room temperature to 60°C with two to 
twenty-fold molar equivalents of thionyl chloride. The reaction can be run neat or in 
halogenated solvents. The commonly used leaving groups on the hydrazone are 
ethoxycarbonyl, aminocarbonyl or tosyl group. While both ethoxycarbonyl and 
aminoacarbonyl groups leave as gaseous products, simplifying workup and purification, 
the reactions with the tosyl group need to be purified by chromatography. 
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The thiadiazole ring cyclization occurs on the methylene moiety selectively when 
the hydrazone precursor has a choice between a methyl and a methylene group 
substituted with n-alkyl, CC^Et, Ph, or chloride. However, depending on the substitution 
of the methylene group, selectivity can be shifted in favor of the methylene group or 
methyl group to give almost complete selectivity. 21 Subtituents that promote facile 
enolization of the methylene favors the cyclization on this group. 
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7.4.5 Synthetic Utility 

Preparation of thiadiazoles via the Hurd-Mori cyclization has led to the synthesis of a 
variety of biologically active and functionally useful compounds. Discussion of reactions 
prior to 1998 on the preparation of thiadiazoles have been compiled in a review by 
Stanetty et a/. 3 Recent syntheses of thiadiazoles as intermediates for useful 
transformations to other heterocycles have appeared. For example, the thiadiazole 
intermediate 36 was prepared from the hydrazone 35 and converted to benzofuran upon 
treatment with base. 22 Similarly, the thiadiazole acid chloride 38 was converted to the 
hydrazine 39 which, upon base treatment, provided the pyrazolone, which can be 
sequentially alkylated in situ to provide the product 40. 23 
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Several thiadiazolo-triazoles 43 have been synthesized that show antifungal and 
cytotoxic properties. 24 Thiadiazoles 45 were prepared from hydrazones 44 by treating 
them neat with thionyl chloride at room temperatures. The thiadiazoles were formed 
regio-selectively on the methyl group of the hydrazone. 25 
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A thiophene-annelated thiadiazole has been prepared from hydrazone 47, which 
was obtained from the thiolactone 46. Reaction of the hydrazone at room temperature 
with thionyl chloride resulted in an 8:1 mixture of 48 and 49. Heating the reaction to 
80°C in dichloroethane provided 48 exclusively. 26 
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The application of the Hurd-Mori reaction to the preparation of some potential 
fungicides from chiral hydrazones 50 and 52 shows that no racemization occurs under the 
reaction conditions. 77 
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A general synthesis of phosphonyl thiadiazoles has been recently disclosed 
starting from the hydrazone 55. The hydrazones were prepared from acyl phosphonates, 
which in turn were made from acid chlorides 54. Thus treatment of the hydrazone 55 with 
thionyl chloride in the presence of DMF and sodium chloride provided the thiadiazoles in 
very high yields. 28 No explanation was provided for the use of DMF or sodium chloride. 

O HN X ° 2Et R 
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High-speed synthesis of thiadiazoles has been recently completed on a solid 
support system using a "catch and release" technology to provide novel thiadiazoles. The 
solid-supported sulfonylhydrazine reacts with ketones to provide the solid phase 
hydrazones (catch) and formation of the thiadiazole with subsequent release of the 
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thiadiazole upon cyclization provides the product without having to initiate cleavage of 
the product. 29 
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7.4.6 Experimental 
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4-Methyl-5-[(15,3/?)-2,2-dimethyl-3cyanomethylcyclopropyl]-123-thiadiazole(51): 27 

A suspension of 50 (0.5 g) in dry dichloromethane (20 mL) was treated with thionyl 
chloride (20 equiv.) in one portion and the reaction mixture was stirred for 6 hr at room 
temperature. Water (20 mL) was added, the organic phase separated, dried with sodium 
sulfate and concentrated in vacuo. The oily residue was purified by chromatography on a 
silica gel column using hexane-ethyl acetate (1:2) as eluant to afford the thiadiazole 51 
(0.23 g, 56%). Oil [a] 30 578 +4.94 (c 0.0162, CHC1 3 ). ! H NMR (CC1 4 , acetone-ds) 8 2.65 
(s, 3H), 2.34 (dd, 1H), 2.20 (dd, 1H), 2.00 (d, 1H), 1.58 (ddd, 1H), 1.38 (s, 3H), 1.15 (s, 
3H); MS, m/z (%) 208.09029 (M+H), 4.52). Calculated for Ci H 13 N 3 S+H. 208.090. 
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7.5 Knorr Pyrazole Synthesis 

7.5.1 Description 

The Knorr pyrazole synthesis is the reaction of hydrazine or substituted hydrazines with 
1,3-dicarbonyl compounds to provide the pyrazole or pyrazolone ring systems. 1-4 
Unsubstituted hydrazine in addition to alkyl-, aryl-, heteroaryl-, or acyl-substituted 
hydrazines undergo reactions with the 1,3-dicarbonyl compounds to give the pyrazole 
ring system. While a symmetrical dicarbonyl system gives a single pyrazole isomer, 
unsymmetrically-substituted dicarbonyls can give one or both isomers (3 and 4). |3- 
Ketoesters react with hydrazines to provide the pyrazolone ring system 6. 
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The reaction is generally performed between and 100 °C with the majority of 
the reactions being run at reflux. Polar protic solvents such as methanol, ethanol, iso- 
propanol, and water are commonly used as solvents. Addition of acid or use of acetic acid 
as solvent generally helps push sluggish reactions. The use of |3-ketoesters as the 
dicarbonyl partner occasionally requires added base for cyclization to occur to form the 
pyrazolone. When using alkyl hydrazine salts, base may be required to deprotonate the 
hydrazine for the reaction to take place. 

7.5.2 Historical Perspective 

Knorr reported the first pyrazole derivative in 1883. 5 The reaction of phenyl hydrazine 
and ethylacetoacetate resulted in a novel structure identified in 1887 as l-phenyl-3- 
methyl-5-pyrazolone 9. His interest in antipyretic compounds led him to test these 
derivatives for antipyretic activity which led to the discovery of antipyrine 10. 6 He 
introduced the name pyrazole for these compounds to denote that the nucleus was derived 
from the pyrrole by replacement of a carbon with a nitrogen. 7 He subsequnently prepared 
many pyrazole analogs, particularly compounds derived from the readily available phenyl 
hydrazine. The unsubstituted pyrazole wasn't prepared until 1889 by decarboxylation of 
li7-pyrazole-3,4,5-tricarboxylic acid. 8 
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Over the years, the pyrazole ring system has been studied in detail due to it's 
important properties in photography, dyes, and as pharmaceutical agents. The pyrazole 
ring system is a common core for many pharmaceutically active compounds. Several 
important drugs with the pyrazole ring system have been introduced to the market 
recently. Although there are many ways to prepare the pyrazole ring, the condensation of 
the 1,3-dicarbonyl and its variation remains the most common and facile way to assemble 
this ring system. 

7.5.3 Mechanism 




11 





The mechanism of the Knorr reaction has been studied in detail by several labs using low 
temperature NMR methods. 9-12 Using low temperature flow NMR, a reaction of the 1,1- 
diacetyl cyclopropane with hydrazine was studied by Salivanov and coworkers for the 
mechanism of the cyclopropane ring opening with nucleophiles. 12 They observed an 
immediate formation of the intermediate A at -70°C within 10 seconds followed 
sequentially by formation of B and C. Because the signal intensity for intermediate B 
was small and constant ("quasi stationary") over the period of the reaction, it suggested a 
complex combination of consecutive reactions with at least the 3 intermediates A-C 
before forming the product. Similar intermediates A-C were observed for unsymmetrical 
diketones reacted with hydrazines or mono N-alkyl hydrazines. In addition, key 
intermediates 3,5-dihydroxypyrazolidine 14, 15, and the hydrazone 16 have been 
isolated. 14 
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During studies of the reaction of heteroaryl hydrazine 15 and perfluoroaryl 
hydrazine 16 with l,l,l-trifluoropentane-2,4-dione, the enolization of the dione 18 was 
studied with 19 F NMR and showed greater enolization of the trifluoromethyl ketone 
versus the methyl ketone. Thus the initial reaction of the free amine of the hydrazine 
takes place with the ketone resulting in the observed 10:1 selectivity of the reaction for 
19 and 20. Dehydration of the alcohol 19 to the pyrazole required strongly acidic 



conditions. 
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The reaction conditions (neutral, acidic or basic) do have an affect on the 
regioselectivity of the reaction. Acidic reaction conditions have also been shown to 
preferentially provide one regioisomer over basic conditions for reactions of aryl 
hydrazines. 18-20 Extensive studies with 2-perfluoroacylcycloalkanones and mono- 
substituted hydrazines were studied to determine the selectivity of various alkyl-, aryl-, 
and heteroaryl-substituted hydrazines. 20 Reactions of the aryl hydrazine 21 with the 
trifluoromethyl-substituted cycloalkanone 22 under neutral conditions (methanol, reflux) 
gave a mixture of isomers 23 and 24, whereas the reaction of the pyridyl hydrazine 25 
was shown to give exclusively 26. 
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A recent paper by Singh et al. summarized the mechanism of the pyrazole 
formation via the Knorr reaction between diketones and monosubstituted hydrazines. 17 
The diketone is in equilibrium with its enolate forms 28a and 28b and NMR studies have 
shown the carbonyl group to react faster than its enolate forms. 10 ' 16 Computational studies 
were done to show that the product distribution ratio depended on the rates of 
dehydration of the 3,5-dihydroxy pyrazolidine intermediates of the two isomeric 
pathways for an unsymmetrical diketone 28. The affect of the hydrazine substituent R on 
the dehydration of the dihydroxy intermediates 19 and 22 was studied using semi- 
empirical calculations. 17 
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7.5.4 Variations and Improvements 

Because of the potential for the formation of two product isomers from the reactions of 
hydrazines with unsymmetrical dicarbonyl compounds and the resulting difficulty in 
separations, many efforts have been reported in the literature to enhance the selectivity of 
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the product formation. The strategy of masking one of the carbonyl groups which can be 
released in situ to provide a selective product has been highlighted extensively in a recent 
review. 3 For example, the reaction of 4,4-dimethoxybutan-l-one 35 with methyl 
hydrazine followed by deprotection and cyclization gave the isomer 37. 21 
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The use of diphenyl hydrazone 33 has been used in the synthesis of pyrazoles 
under modified conditions where the hydrazine is released in situ. Some reversal of 
regiochemistry is seen in the reaction with unsymmetrical dicarbonyls. With aryl 
hydrazine and diphenyl hydrazone, the ratio of 41 to 42 is 22 : 1 and 5:1, respectively. 
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A solventless synthesis of pyrazoles, a green chemistry approach, has been 
described where an equimolar amount of the diketone and the hydrazine are mixed in a 
mortar with a drop of sulfuric acid and ground up. After an appropriate length of time (~ 
1 h) the product is purified to provide clean products. Even acyl pyrazoles 42 were 
obtained under the solvent-less reaction conditions in good yields. 
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7.5.5 Synthetic Utility 

The Knorr pyrazole synthesis has been extensively utilized in the preparation of a number 
of pyrazoles as metal chelators, photographic dyes, herbicides, and biologically active 
agents. 1-4 Recent applications of the Knorr pyrazole synthesis for preparation of novel 
and useful pyrazole intermediates and pharmaceutical agents will be highlighted. 
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The discovery of the potent and selective COX-2 inhibitor Celecoxib 47, prepared 
using the Knorr pyrazole synthesis, was reported by Pharmacia in 1997. 19 The reaction 
was run under acidic conditions to provide the desired product in good yield and with 
good regioselectivity. The commercial route to the preparation of Celecoxib utilized the 
reaction of the aryl hydrazine with the diketone sodium salt, which was used without 
isolation, under acidic conditions to provide the desired product 47. This preparation of 
the final pyrazole product is selective for the desired regioisomer 47 but still had to be 
separated from some 5% of the isomer by-products (48 and 49) via crystallization. An 
improvement of this process to obtain at least 98% pure product has been reported in a 
recent patent filing. 22 An extensive analysis of the reaction conditions (e.g. concentration 
of the substrates, anhydrous conditions, type of acid addition, and choice of solvent, etc.) 
and changes in the final workup has improved the regioselectivity and purity of the 
product. The successful introduction of Celecoxib has provided an impetus for the 
synthesis of additional pyrazoles as COX-2 inhibitors. 23 ' 24 

Sanofi-Synthelabo researchers discovered pyrazole 53 and analogs to have potent 
Cannabinoid receptor-1 (CB-1) antagonist/inverse agonist activity and have progressed 
53 into development for treatment of obesity and alcohol dependence. 25, 2<s The synthesis 
of 53 was accomplished by heating the diketone sodium salt 51 with the aryl hydrazine 
hydrochloride in acetic acid to provide the intermediate 52, which was further derivatized 
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27 



to make 53. Since the discovery of 53 (SR-141716), additional efforts to make other 
pyrazoles as CB-1 antagonists have appeared. 
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Carpino et al. recently disclosed the synthesis of the fused pyrazolinone- 
piperidine dipeptide 56 with potent growth hormone secretagogue activity. The synthesis 
of the intermediate pyrazolone was accomplished by reacting the ketoester 54 with 
methyl hydrazine in refluxing ethanol. 28 
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Application of the Knorr pyrazole synthesis has also been demonstrated on solid 
support. To prepare tri substituted pyrazoles, the diketone was linked to the solid 
support to make 57 using a linker with an amide bond. Alkylation of the diketone 
followed by condensation of the hydrazine with the resulting diketone gave the desired 
pyrazoles as mixtures of isomers. Subsequent cleavage of the amide bond linker then 
provided the pyrazole amides 59. 29 
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7.5.6 Experimental 
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Preparation of 4-[5-(4-ChlorophenyI)-3-(trifluoromethyl)-lH-pyrazoI-l- 
yl]benzenesulfonamide 62. 19 

(4-Sulfamoylphenyl)hydrazine hydrochloride (982 mg, 4.4 mmol) was added to a stirred 
solution of the dione 61 (l.OOg, 4.0 mmol) in 50 mL of EtOH. The mixture was heated to 
reflux and stirred for 20 h. After cooling to room temperature, the reaction mixture was 
concentrated in vacuo. The residue was taken up in EtOAc, washed with water and brine, 
dried over MgSC>4, filtered, and concentrated in vacuo to give a light brown solid. 
Recrystallization from EtOAc and isooctane furnished pyrazole 62 (1.28 g, 80%): 'H 
NMR (CDCI3/CD3OD) 5 5.2 (s, 2H), 6.8 (s, 1H), 7.16 (d, J= 8.5 Hz, 2H), 7.35 (d, J = 8.5 
Hz, 2H), 7.44 (d, J = 8.7, 2H), 7.91 (d, J = 8.7, 2H); ,3 C NMR (CDCI3/CD3OD) 5 106.42 
(d, J = 0.03 Hz), 121.0 (q, J = 276 Hz), 125.5, 126.9, 127.3, 129.2, 130.1, 135.7, 141.5, 
143.0, 143.9 (q, / = 37 Hz), 144.0; 19 F NMR (CDCI3/CD3OD) 5 -62.9. HPLC analysis 
showed that the purified material contained < 0.5% of the regioisomeric pyrazole 63 (4- 
[3-(4-chlorophenyl)-5-(trifluoromethyl)-17 : /-pyrazol-l-yl]benzenesulfonamide). 
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Pyridine is a polar, stable, relatively unreactive liquid (bp 115°C) with a characteristic 
strong penetrating odor that is unpleasant to most people. It is miscible with both water 
and organic solvents. Pyridine was first isolated, like pyrrole, from bone pyrolysates. Its 
name is derived from the Greek for fire (pyr) and the suffix "idine" used to designate 
aromatic bases. Pyridine is used as a solvent, in addition to many other uses including 
products such as pharmaceuticals, vitamins, food flavorings, paints, dyes, rubber 
products, adhesives, insecticides, and herbicides. Pyridine can also be formed from the 
breakdown of many natural materials in the environment. 



Figure 8.1.1 
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Pyridine is the prototypic electron-poor 6-membered ring heterocycle 
conceptually obtained by replacing one of the CH units of benzene with nitrogen (Figure 
8.1.1). The aromaticity originally found in the benzene framework is maintained in 



Figure 8.1.2 
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pyridine via overlap with the p orbital on the nitrogen atom that is parallel to the n- 
system. Compared to benzene, the resonance pictures (Figure 8.1.2), as well as, the 
natural atomic charges (calculated at RHF//6-31G**) of pyridine (Figure 8.1.3) predict its 
electron deficient nature and rationalize its net dipole. 



Figure 8.1 .3 
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The consequences of this replacement gives pyridine a reduced susceptibility to 
electrophilic substitution compared to benzene, while being more susceptible to 
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nucleophilic attack. An avenue of chemistry not possible with benzene, is the formation 
of pyridinium salts, by donation of the nitrogen lone pair electrons. The resultant salts 
are still aromatic, however much more polarized. This is reflected by the apparent acidity 
of the corresponding conjugate acid (pK a = 5.2) compared to the acidity of the 
corresponding conjugate acid of piperidine (pK a = 11.12). Synthetically, pyridine is 
prepared, commercially, by the gas phase, high temperature reaction of crotonaldehyde, 
formaldehyde, steam, air and ammonia over a silica-alumina catalyst in 60-70% yield. 
However, in the laboratory, the challenge is in the preparation of substituted pyridine 
derivatives in a fashion that allows one to control regioselectivity and chemoselectivity in 
the most efficient manner. 

In taking a rational approach to this challenge, there are three possible 
retrosynthetic options (Figure 8.1.4). The classical approach towards heterocyclic 
systems is disconnection at the C-N bonds. This gives rise to ammonia and dicarbonyl 
systems, the reverse of a condensation reaction. A second strategy involves the 
disconnection through two C-C bonds giving rise to a 2-atom fragment and a 4-atom 
fragment, the reverse of a cycloaddition reaction. The final strategy is less obvious and 
could involve formation of the pyridine nucleus via some rearrangement of an alternative 
heterocyclic system or an appropriately substituted pyridine system. 

Figure 8.1.4 
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8.1. Preparation via Condensation Reactions 

The various "name reactions" that have appeared in the literature over the years make use 
of a common retrosynthetic strategy, namely, disconnection at the C-N bond. Depending 
on how and at what time in the synthesis these bonds are formed dictates how the 
synthetic approach is classified, thus the "name" applied to the procedure (see Figure 
8.1.5). 
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Figure 8.1.5 
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8.1.1 Hantzsch (Dihydro)-Pyridine Synthesis 

8.1.1.1 Description 

The Hantzsch pyridine synthesis 1 involves the condensation of two equivalents of a |3- 
dicarbonyl compound, one equivalent of an aldehyde and one equivalent of ammonia. 
The immediate result from this three-component coupling, 1,4-dihydropyridine 1, is 
easily oxidized to fully substituted pyridine 2. Saponification and decarboxylation of the 
3,5-ester substituents leads to 2,4,6-trisubstituted pyridine 3. 
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8.1.1.2 Historical perspective 

While there are a number of related reactions that can assemble the pyridine nucleus, the 
oldest of these classical reactions is due to Arthur Hantzsch. In 1882 2 he reported the 
first synthesis of l,4-dihydro-2,6-dirnethylpyridine-3,5-dicarboxylates from a refluxing 
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mixture of a P-keto ester, an aldehyde and ammonium hydroxide solution in ethanol. 
This chemistry later regained prominence, initially with the discovery in the 1930s of a 
"hydrogen-transferring" coenzyme. The structural determination of NADH, in the 1950s, 
indicated it contained a 1,4-dihydropyridine nucleus. The Hantzsch chemistry was used 
to construct model systems of NADH to understand the mechanistic details of this 
biological reducing agent. More recently, there is continued interest in the Hantzsch 
reaction as a result of the pharmacology of 1,4-dihydropyridines. In the 1970s, nifedipine 
4 was introduced as a cardiovascular and antihypertensive agent. The calcium channel 
antagonistic pharmacology of these dihydropyridine derivatives led to a great interest in 
these compounds. Norvasc® (amlodipine) 5 is currently the most prescribed medicine for 
hypertension with expected sales in 2004 of over $4 billion and is currently the fifth 
largest selling drug worldwide. Throughout this timeframe, the role this reaction has 
played in the various approaches toward the synthesis of pyridine-containing natural 
products has been great. 



*N0 2 
Me0 2 C^^^^,C0 2 Me Me0 2 C 

II II 

°-^NH 2 

5 
amlodipine (Norvasc®) 

8.1.1.3 Mechanism 

While a number of pathways have been examined (see Scheme 8.1.1), consensus appears 
to have been reached from isolation of intermediates, as well as, 13 C- and 15 N-NMR 
spectroscopic studies. 3 It is now believed that one equivalent of P-dicarbonyl species 6 
reacts with ammonia to form aminocrotonate 7 and the second equivalent of 6 undergoes 
an aldol reaction with the aldehyde to form chalcone 8. 4 This was deduced from the 
following observations. A pathway in which ammonia ultimately reacts with both 
equivalents of 6 (either directly or via 6 + 7) to form dienamine 12 was considered but 
rejected. Detailed studies a indicated 12 was indeed being produced during the initial 
phase of the reaction but disappeared long before product appeared. It was concluded the 
formation of 12 was reversible and once formed was a metastable side-product that 
quickly reverted back to starting material. A more definitive conclusion a was made 
utilizing preformed 7 and 8, which when allowed to react together, resulted in the 
formation of 11. Indeed, if 8 were exposed to aqueous ammonia, the formation of 11 
was observed. This was rationalized by an ammonia catalyzed retro-aldol reaction to 6 
followed by the typical forward reaction. 
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Scheme 8.1.1 
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Once formed, 7 and 8 undergo a Michael reaction that gives rise to ketoenamine 
9. Ring closure, to form 10, and loss of water then afforded 1,4-dihydropyridine 11. The 
presence of 9 and 10 could not be detected; thus ring closure and dehydration were 
deduced to proceed faster than the Michael addition. This has the result of making the 
Michael addition the rate-determining step in this sequence. Conversely, if the reaction is 
run in the presence of a small amount of diethylamine, compounds related to 10 could be 
isolated 4d Diol 20 has been isolated in an unique case (R' = CF3). 5 Attempts to 
dehydrate this compound under a variety of conditions were unsuccessful. 
Stereoelectronic effects related to the dehydration may be the cause. In related 
heterocyclic ring formations, it has been determined 6 that dehydration (20 — > 10) is about 
10 6 times slower than diol formation (19 — > 20). Therefore, one would expect 20 to 
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accumulate and this was not observed. Furthermore, 18 (R' = Me) was unstable and 
existed in the aldol initiated closed-form, that is, 3-hydroxycyclohexanone. 3b 

8.1.1.4 Variations 

Subsequent to Hantzsch's communication for the construction of pyridine derivatives, a 
number of other groups have reported their efforts towards the synthesis of the pyridine 
heterocyclic framework. Initially, the protocol was modified by Beyer and later by 
Knoevenagel to allow preparation of unsymmetrical 1,4-dihydropyridines by 
condensation of an alkylidene or arylidene P-dicarbonyl compound with a |3-amino-a,|3- 
unsaturated carbonyl compound. ab Following these initial reports, additional 
modifications were communicated and since these other methods fall under the 
"condensation" approach, they will be presented as variations, although each of them has 
attained the status of "named reaction". 

8.1.1.4.1 Guareschi-Thorpe pyridine synthesis 

r y^ r CN nh 3 r yV cn 



*~ XX 



L + 1 

rct^o ct-or ho' "n' "oh 

21 22 23 

The Guareschi-Thorpe pyridine synthesis is closely related to the Hantzsch protocol. 7 
The primary point of difference lies in the use of cyanoacetic esters. This modification 
assembles pyridine 23 by the condensation of acetoacetic esters 21 with cyanoacetic 
esters 22 in the presence of ammonia. A second variation 8 of this method involves 
reaction of cyanoacetic ester 22 with P-diketone 24 in the presence of ammonia to 
generate the 2-hydroxypyridine 25. 

R R 

^-^ fy CN _ ffV CN 

R A N^OH R^lAo 

H 
24 22 25 26 

Mechanistically, 9 one could envision a process initiated by ester/amide exchange 
brought about by the cyanoacetic ester with ammonia (22 — » 27). Amide 27 could then 
undergo an aldol reaction with the 3-diketone 24 to give 28 which then cyclizes to afford 
26. 
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Guareschi imides are useful synthetic intermediates. They are formed from a 
ketone reacting with two equivalents of the cyanoacetic esters and ammonia. This 
transformation is illustrated in the formation of 4,4-dimethylcyclopentenone 30. 10 The 
synthesis was initiated with the Guareschi reaction of 3-pentanone 27 with 28 to generate 
imide 29. This product was hydrolyzed to the diacid and esterified. Cyclization of the 
diester via acyloin condensation followed by hydrolysis and dehydration afforded the 
desired target 30. 

1. H 2 S0 4 °- 
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^ 




3. Na 

4. H 2 P0 4 



27 28 29 30 

Guareschi imide 

8.1.1.4.2 Chichibabin (Tschitschibabin) pyridine synthesis 11 

First described in 1905, the Chichibabin reaction was carried out by passing vapors of 
aliphatic aldehyde 31 and ammonia over alumina at 300-400°C to produce the 
corresponding pyridine derivative 32. As a consequence, this method generates 2,3,5- 
trisubstituted pyridines. 

r^cho nh *» R R ry R 

31 32 

From a mechanistic standpoint, 12 ammonia serves two functions: 1) it behaves as 
a base to catalyze an aldol reaction between 2 equivalents of 31 to generate the 
corresponding enal 33, and 2) it is the source of nitrogen for the resultant pyridyl ring. 
This occurs through formation of enamine 34 with a third equivalent of 31. The Michael 
addition of 34 to 33 followed by cyclization gives rise to 32. 
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R^^CHO 




The close relationship of this reaction scheme with that for the Hantzsch protocol 
becomes obvious upon careful examination. The use of AcOH/NHUOAc as the 
solvent/nitrogen source has dramatically improved on the experimental ease and yield of 
this reaction. 3 

8.1.1.4.3 Bohlmann-Rahtz pyridine synthesis 

Bohlmann and Rahtz, in 1957, 14 reported the preparation of 2,3,6-trisubstituted pyridines. 
Their method employed the Michael addition of acetylenic ketones 35 with enamines 36. 
The 8-aminoketones 37 are typically isolated and subsequently heated at temperatures 
greater than 120°C to facilitate the cyclodehydration to afford 38. Again one can see the 
parallels in this mechanism with that for the Hantzsch protocol. However, in this case the 
pyridine is formed directly removing the need for the oxidation step in the Hantzsch 
procedure. 

ft /COaEt ^\X0 2 Et ^^COgEt 

~~ *" d K """*" R^ A 

O H 2 N 

35 36 37 38 

Recently the Bohlmann-Rahtz synthesis has received greater attention. 
Baldwin 15 has employed this method for the construction of heterocyclic substituted a- 
amino acids. Exposure of alkynyl ketone 39 to 3-aminocrotoyl ester 40 resulted in the 
Michael product 41. Thermolysis then gave rise to the desired pyridyl-P-alanines 42. 
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Moody's synthesis 16 of promothiocin 43 provided evidence that the 
Bohlmann-Rahtz method can be used for the rapid synthesis of complex pyridines. 
Oxazaole 44 was treated with alkynyl ketone 45 to afford 46 in 83% yield. The ester 
moiety of 46 was elaborated into a thiazole substituent providing entry into the northeast 
quadrant of 43. 
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Moody and coworkers 17 have also applied this methodology to the preparation of 
a library of functionalized pyridine scaffold 49 with two points of diversity by coupling 
ynone 47 with enamine 48. 
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Further improvements to this method have been reported by Bagley. The 
requirement of harsh thermal conditions to facilitate the cyclodehydration can be 
minimized by simply adding acetic acid or Amberlyst 15. 18a Alternatively, one could 



use Lewis acids such as ZnBr2 or Yb(OTf>3 in catalytic amounts. 
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8.1.1.4.4 Krohnke pyridine synthesis 19 

Krohnke observed that phenacylpyridinium betaines could be compared to (3-diketones 
based on their structure and reactivity, in particular, their ability to undergo Michael 
additions. Since P-dicarbonyls are important components in the Hantzsch pyridine 
synthesis, application of these P-dicarbonyl surrogates in a synthetic route to pyridine 
was investigated. Krohnke found that glacial acetic acid and ammonium acetate were the 
ideal conditions to promote the desired Michael addition. For example, N- 
phenacylpyridinium bromide 50 cleanly participates in a Michael addition with 
benzalacetophenone 51 to afford 2,4,6-triphenylpyridine 52 in 90% yield. 




While this reaction to pyridine 56 occurs in a single pot, it is proposed to proceed 
via the 1,5-diketo derivative 55 obtained by a Michael addition of the pyridinium species 
53 to enone 54. Although one does not typically isolate this intermediate, it has been 
obtained in reactions of the isoquinolinium series. 19b 



,© 



1 * 



Rf^O 



53 




AcOH 



NH 4 OAc 
90% 





N R 2 
56 



A route to pyridines which involves an isolated 1,5-dicarbonyl compound, has 
been reported. 20 Aldol reaction of enone 57 with methylketone 58 generated 1,5-diketone 
59. When this was submitted to the reaction conditions for a Krohnke reaction, 
thiopyridine 60 was isolated. 
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Newkome 21 employed this methodology in his synthesis of halogenated 
terpyridines. The requisite pyridinium ion 62 was prepared from the corresponding 
ketone 61 via a Ortoleva-King reaction. 22 Ketone 61 also served as the starting material 
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for the enone component, in this case the Mannich base 63. Exposure of 62 and 63 to 
acidic ammonium acetate generated terpyridine 64. 




Br N 



Me 2 NH 2 CI 



63 

Kelly 23 applied this chemistry to the synthesis of cyclosexipyridine 66. This is an 
example of an intramolecular variation to this method. Masked enal 65 was prepared and 
treated with the standard reagents. The acidic medium liberated the aldehyde from its 
acetal protection. This in situ formation of the reactive species, similar to the above 
example, then undergoes cyclization to the expected pyridine derivative 66. 
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A "green chemistry" variation 24 makes use of solventless conditions to minimize 
the waste stream from reactions of this type. To a mortar are added aldehyde 67, ketone 
68 and solid sodium hydroxide. The mixture is ground and within 5 minutes aldol 
product 69 is produced. Addition of the second ketone and further grinding affords the 
1,5-diketone 70, which can be isolated and cyclized to pyridine 71 with ammonium 
acetate. The authors report that this method can substantially reduce the solid waste (by 
over 29 times) and is about 600% more cost effective than previously published 
procedures. 
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8.1.1.4.5 Petrenko-Kritschenko piperidone synthesis 25 

While mechanistically this reaction is related to the Robinson-Schopf reaction for the 
generation of the tropinone skeleton, it also has similarities to the Hantzsch reaction. 
Here the heterocyclic ring 75 is assembled by the condensation of an equivalent of 
acetonedicarboxylic ester 72 with 2 equivalents of aldehyde 73 in the presence of 
ammonia or primary amine 74. 
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In an approach to opioid receptor ligands, 26 diazabicyclononanones were prepared 
in a double Petrenko-Kritschenko reaction. Diester 76, in the presence of methylamine 
and aryl aldehydes, was converted to piperidone 77. This was immediately resubmitted 
to the reaction conditions; however, in this iteration formaldehyde replaced the aryl 
aldehyde component. The outcome of this reaction produced 78 which was further 
investigated for its use in rheumatoid arthritis. 
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Stevens reported an interesting variation in which the amine and the aldehydes 
were linked by a tether. Combining bisacetalamine 79 with 76 under acidic conditions 
generated the single diastereomer 80. This tricyclic species was then converted into the 
ladybug defense alkaloid precoccinelline 81. 
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8.1.1.5 Improvements or modifications 

The long history associated with the Hantzsch pyridine synthesis has produced numerous 
approaches and methods to the reaction protocol in order to control the various factors 
directing the course of the reaction. 

It has been shown that TMSI is capable of mediating the reaction at room 
temperature. 28 The classical three component coupling was carried out using aldehyde 82 
and ketoester 83 with ammonium acetate in acetonitrile at room temperature with in situ 
generated TMSI. This gave a 73-80% yield of 1,4-dihydropyridines 84 in 6-8 h. The 
best results were obtained with 1 equivalent of TMSC1 and 1 equivalent of Nal. 
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The modified two component Hantzsch (Baeyer-Knoevenagel modification) was 
also examined. Shorter reactions times (2-3 h) were noted in this variation using 82 and 
85 with slightly better yields (78-85%) being observed for the formation of 84. 
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Indium trichloride has been found to catalyze the synthesis of tetrasubstituted 
pyridines. 29 Neat oxime 86 and acetoacetate 87 were exposed to indium trichloride at 
150-160°C to produce pyridines 88 in 6-8 h with 55-80% yield. The indium catalyzes 
the Michael addition of 87 with 86, as well as cyclization and reduction of the 
intermediate N-oxide. 
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86 87 88 

Combinatorial approaches have been applied to this chemistry. 30 In a method 
amenable to split and pool, PAL, or Rink resin, 89 is modified with an acetoacetate to 
generate the solid supported aminocrotonate 90. Either a two- or three-component 
Hantzsch protocol is followed to produce 91. Treatment with TFA carries out the 
cleavage from the resin and the cyclization to dihydropyridine 92. 
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A limitation of this approach was the fact that the cyclization could not be 
accomplished on the resin. This would preclude further functionalization of the core. 
Therefore an alternate approach was to link the resin to the core via an aminoalcohol 
spacer as in 93. 31 Furthermore, since linkage was conducted through the P-ketoester 
component rather than through the nitrogen atom, dihydropyridines 94 could now be 
formed on the solid support. When the 4-aryl substituent of 94 was nitro, on-resin 
reduction to the corresponding amine was possible. This allowed for further addition of 
diversity elements to the core scaffold before cleavage from the resin. 
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Microwave chemistry has been found to be a useful method for accelerating 
reactions or catalyzing reactions that are difficult to carry out by other methods. A 
modification of the Hantzsch method to directly obtain pyridines has been 
communicated. 32 A dry medium using ammonium nitrate / bentonitic clay system with 
microwave irradiation affords pyridines 96 in a single pot within 5 minutes. When the 
pyridine is not the major product (> 75% yield), the dealkylated pyridine 97 becomes an 
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important side reaction. It was thought the microwave irradiation in conjunction with the 
acidic clay decomposes the ammonium nitrate into ammonia and nitric acid. These 
species then initiate the cyclization and in situ oxidation, respectively. 

M. . — ^^ -^tS ♦ E, ° x O XoE ' 

^v 
95 82 96 97 

Variations on this theme have been reported. 33 One example utilized silica gel 
and urea with 95 and 82 under microwave irradiation to afford dihydropyridines 96 in 
3-5 minutes and in 70-90% yield. 



O O 
J^^ 0EX + RCHO 



O R 
silica gel EtO'^rTr^OEt 



uv H 



95 82 96 

The previous methods used commercial microwave ovens. When a Smith 
Synthesizer was employed where one could control temperature and pressure, further 
improvements in time and yield were noted for the conversion of 95 and 82 into 96. 34 
Optimal conditions included the use of aqueous ammonium hydroxide as solvent and 
nitrogen source. The method was efficient enough to execute on a 4 x 6 array using the 
dicarbonyl and the aldehyde as points of diversity. The library of 24 compounds was 
obtained in 39-89% yields and 53-99% purity. 

O R 

H 
95 82 96 

The Bohlmann-Rahtz reaction has also been improved by the use of microwave 
technology. 35 The optimum conditions involved irradiation of 97 with 98 in DMSO for 
20 minutes at 170°C to generate pyridine 99 in 69% yield. 

B0 2 C p ^ ^/CO.Et 

| + TMS = y »► II I 

97 98 99 
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The immediate outcome of the Hantzsch synthesis is the dihydropyridine which 
requires a subsequent oxidation step to generate the pyridine core. Classically, this has 
been accomplished with nitric acid. Alternative reagents 10 include oxygen, sodium 
nitrite, ferric nitrate/cupric nitrate, bromine/sodium acetate, chromium trioxide, sulfur, 
potassium permanganate, chloranil, DDQ, Pd/C and DBU. More recently, eerie 
ammonium nitrate (CAN) has been found to be an efficient reagent to carry out this 
transformation. 36 When 100 was treated with 2 equivalents of CAN in aqueous acetone, 
the reaction to 101 was complete in 10 minutes at room temperature and in excellent 
yield. 



F^OgC 




CAN 



R^C 



92-100% 



100 




The oxidation has also been accomplished with Claycop (montmorillonite K-10 
clay supported cupric nitrate). 37 The reaction of 96 to 102 was complete in 1.5-7 h with 
81-93% yields. The time can be reduced to 5-10 minutes using ultrasound with minimal 
effect on yields. The major limitation of this protocol was the observation that only R = 
aryl gave product. Oxidation of 4-alkyl substituents was inert to these conditions with 
recovery of starting 96. 



Et0 2 C 




96 



C0 2 Et 



Claycop EtOaC^/L^COaEt 



102 



An obvious outcome of the Hantzsch synthesis is the symmetrical nature of the 
dihydropyridines produced. A double protection strategy has been developed to address 
this issue. 38 The protected chalcone 103 was reacted with an orthogonally protected 
ketoester to generate dihydropyridine 104. Selective deprotection of the ester at C3 could 
be accomplished and the resultant acid coupled with the appropriate amine. Iteration of 
this sequence with the C5 ester substituent ultimately gave rise to the unsymmetrical 1 ,4- 
dihydropyridine 105. 
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Dihydropyridine Z0947 (108) has been identified as a potassium channel opener 
for use in urinary urge incontinence and an asymmetric synthesis was required for long- 
term manufacturing in support of clinical trials. 39 Unsaturated ketone 106 was added to a 
solution of 107 in acetonitrile containing TMSC1. The product was not isolated but 
treated with aqueous ammonia and ammonium chloride. After work-up, 108 was 
obtained in 95% ee. 




106 



107 



ZD0947 
108 



Two- and three-component Hantzsch reactions using C-glycosylated reagents 
have been reported as an alternate method for conducting asymmetric syntheses of 1,4- 
dihydropyridines. 40 Reaction of 109, 110 and 97 generate 111 with Ri = sugar. 
Alternatively, 112 and 113 produce 111 with R 2 = sugar. While the yields were 
acceptable (60-90%), the diastereomeric ratio varied from 30-60%. 



SUGAR 
110 



^1 



N ^ C °2E I r 1= sugar B Q 2 C.Ax0 2 Et^ Rg = sugar B0 2 C 
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FV ^O n 2 
109 97 



R? 



H 
111 



1 



I 1 
WC0 2 Et 



SUGAR NH 2 cr 

112 113 



Pyridinium species comprise collagen cross-links that are formed during bone 
remodeling by osteoblasts. These cross-links are released into the serum and excreted in 
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urine during bone resorption. Thus these compounds could be useful as clinical reference 
standards in the diagnosis of osteoporosis. A one-pot preparation of these pyridinium 
species was reported. 41 Alkylation of amine 115 with bromoketone 114 using potassium 
carbonate generates diketone 116 which subsequently undergoes an intramolecular aldol 
to close the ring and is rapidly aromatized with oxygen to afford the collagen cross-link 
117. 
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A unique method to generate the pyridine ring employed a transition metal- 
mediated 6-endo-dig cyclization of N-propargylamine derivative 120. 42 The reaction 
proceeds in 5-12 h with yields of 22-74%. Gold (HI) salts are required to catalyze the 
reaction, but copper salts are sufficient with reactive ketones. A proposed reaction 
mechanism involves activation of the alkyne by transition metal complexation. This 
lowers the activation energy for the enamine addition to the alkyne that generates 121. 
The transition metal also behaves as a Lewis acid and facilitates formation of 120 from 
118 and 119. Subsequent aromatization of 121 affords pyridine 122. 
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If one replaces one of the two equivalents of (3-dicarbonyl with urea, such that the 
reaction is now carried out with one equivalent of aldehyde 123, one equivalent of |3- 
dicarbonyl 124 and an equivalent of urea 125 in acidic ethanol solution, then 
dihydropyrimidines 126 are formed. This class of reactions has been named Biginelli 
reactions 43 and are reviewed in section 10.6 
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8.1.1.6 Experimental 

8.1.1.6.1 Three-component coupling 
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CHO 
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126 
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SMe 
Me °2 c \ U J\ NH 4 OH Me0 2 C^^^C0 2 Me 

+ I N— *~ 

CHO 
127 128 12 9 

To a solution of methyl 3-oxobutanoate 127 (580 mg, 5 mmol) and l-methyl-2- 
methylthio-lff-imidazole-5-carboxaldehye 128 (390 mg, 2.5 mmol) in 5 mL of absolute 
methanol was added a solution of ammonium hydroxide (25%, 0.4 mL). The reaction 
was heated at reflux overnight before cooling to room temperature and removing the 
solvent. The crude product was purified by preparative TLC to afford 526 mg of 
dimethyl 1 ,4-dihydro-2,6-dimethyl-4-( 1 -methyl-2-methylthio-5-imidazolyl)-3 ,5-pyridine- 
dicarboxylate 129 (60%) as a solid, mp = 200-201 °C (MeOH). 

8.1.1.6.2 Two-component coupling 45 



Me0 2 C ^ C0 2 Et MeCH0 MeQ 2 CYk^C0 2 Et ch | oran il MeQ 2 C^XQ 2 Et 

H 
130 95 13 1 132 

Equimolar amounts (0.5 mmol) of 130 and 95 in 5 mL of absolute methanol were heated 
at 100°C for 24 h. The reaction was cooled to room temperature and the solvent 
removed. The crude product was recrystallized from methanol to afford 131 in 98% 
yield (mp = 125-126°C). 

Equimolar amounts (0.5 mmol) of 131 and chloranil in 2 mL of THF were heated 
at reflux for 4 h before cooling to room temperature and removing the solvent. 
Purification by preparative TLC gave 132 as an oil in 58% yield. 
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8.2 Preparation via Cycloaddition Reactions 

A synthetically powerful method, an approach based on cycloaddition chemistry, allows 
one to assemble the pyridine ring in one step. Not only is this method efficient, "atom 
economy," but also its convergency allows for the preparation for highly substituted 
systems in which one can, in principle, control all five positions on the pyridine ring. A 
versatile example of this methodology is the Boger reaction. It has been applied to the 
synthesis of a very diverse set of targets. 

8.2.1 Boger Reaction 

8.2.1.1 Description 1 

The Boger pyridine synthesis involves the reaction of triazine 1 with activated alkene 2 in 
a hetero-Diels-Alder fashion. The intermediate bicyclic species 3 is unstable and a facile 
cycloreversion takes place due to the loss of nitrogen gas to afford the appropriately 
substituted pyridine derivative 4. 



I n + 




N-y 




■0 



NH 




8.2.1.2 Historical perspective 

Prior to the delineation of the concept of "conservation of orbital symmetry" by 
Woodward and Hoffmann, 2 Bachmann and Deno 3 reported that all Diels-Alder reactions 



ii i 
Ri 



R^ 



Ri 



are not the same. The nature of the diene and dienophile could have an impact on the 
progression of the reaction. Later Carboni and Lindsey 4 published the reaction of 
tetrazines 5 with unsaturated compounds to generate 6. Since the diene in these types of 
Diels-Alder reactions is electron deficient, it is said to proceed with inverse electron 
demand. The inverse electron demand nature of these Diels-Alder reactions were not 
fully understood until the FMO analysis that accompanied the Woodward-Hoffmann 
rules. 
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Independently, Kondrat'eva reported that oxazoles 7 would undergo reactions 
with alkenes to afford pyridine derivatives 8. 





R 3 ^ 


— >- 


ft 


.Ri 


A 
R 2 






N 


-R 2 


7 






8 





An example of this methodology was its use in the synthesis of vitamin B6, 
pyridoxine 12. 6 Cycloaddition of oxazole 9, prepared from ethyl JV-acetylalanate and 
P2O5, with maleic anhydride initially gave 10. Upon exposure to acidic ethanol, the 
oxabicyclooctane system fragments to afford pyridine 11. Reduction of the ester 
substituents with LJAIH4 generated the desired product 12. 
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Modification of the oxazole, as in 13 allowed for the formation of vitamin B 6 
analogs, such as 15 via intermediate pyridine 14. 
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More recently, Neunhoeffer 7 showed that 1,3,5-triazines 16 could react with 
electron rich dienophiles, such as 17, to produce pyrimidines 18. 
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With this foundation, Boger communicated the use of 1,2,4-triazines as a 
dependable, azadiene equivalent for Diels-Alder approaches to substituted pyridines. 8 
Electron rich olefin 19, prepared from the corresponding ketone, was allowed to 
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participate in an inverse electron demand Diels- Alder reaction with 1,2,4-triazine 1 to 
afford pyridines 20. The reaction conditions were quickly improved with the in situ 
generation of 19. 
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8.2.1.3 Mechanism^ 



The Diels-Alder reaction involves the cycloaddition of a diene with a dienophile to 
produce a cyclohexenyl system (see Figure 8.2.1). Since four n electrons of the diene 
react with 2 % electrons of the dienophile, these reactions are called [4 + 2] 

Figure 8.2.1 



cycloadditions. To be more correct the terminology is 47t s + 2ns based on the Woodward 
and Hoffmann rules for the "conservation of orbital symmetry". 2 For any reaction to 
proceed, an electronically filled molecular orbital (MO) of one reacting partner 
(nucleophile) must be of similar energy and have the same orbital symmetry of the 
electronically empty MO of the other reacting partner (electrophile). The two MO's of 
greatest concern, the basis of Frontier Molecular Orbital theory (FMO), are the highest 
occupied MO (HOMO) and the lowest unoccupied MO (LUMO). For the Diels-Alder 
reaction, the appropriate HOMO-LUMO pairing is depicted in Figure 8.2.2. If the 
relative energy difference between these MO's is too great, then the reaction will not 

Figure 8.2.2 

HOMO ,.^^ yi ,, tjn „^ 
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LUM0 " - LUMO 

[4+2] [2+2] 

proceed or at best be very sluggish and give poor yields. The "s" in the description 
denotes suprafacial, since both the HOMO and LUMO approach each other from the 
same face (syn addition). Other reactions are classified as antarafacial (a), when 
approach occurs on opposite faces of one partner as in the [2 + 2] cycloaddition of 
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alkenes. If the two components have substituents, then the question of regio- and 
stereoselectivity becomes important. For example, consider the case were each 
component has only one substituent. The ortho isomer is typically the favored product 
over the meta isomer (Figure 8.2.3). 

The theoretical rationalization described by FMO theory has to do with the value 
of the coefficients of the MO's on the atoms of the reactants. Atoms having p-orbitals of 

Figure 8.2.3 
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similar coefficient magnitude pair in the transition state, thus giving rise to the ortho 
isomer. Stereochemistry is a result of the fact that the diene can approach the dienophile 
from one of its two faces, in addition to the two faces of the diene. With unsaturated 
dienophile substituents, the endo transition state is favored over the exo transition state as 
a result of secondary orbital overlap (the Alder endo rule). This would give rise to the 
relative stereochemistry illustrated in Figure 8.2.4. 
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Upon closer examination of the HOMO-LUMO interactions, substituents can 
have a dramatic effect on the nature of this reaction. For the reference system, butadiene 
with ethylene, the HOMO-LUMO energies can be calculated and graphed as in Figure 
8.2.5. Placing substituents on this core scaffold will change the relative energies for all 
the MO's but of greater concern is how this effects the HOMO-LUMO interactions. In 
the classical Diels-Alder reaction, an electron-donating group (EDG) is placed on the 
diene. This has the effect of raising the HOMO energy. When an electron-withdrawing 
group (EWG) is placed on the dienophile, its LUMO energy is lowered. This 
combination lowers the energy difference between the HOMO and LUMO, relative to the 
reference system, and has the net effect of rendering the reaction more facile. If one 
reverses these substitutions, EDG on the dienophile and EWG on the diene, the effect on 
the MO energies is similar. The HOMO energy of the dienophile is raised and the 
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LUMO energy of the diene is lowered. However, for the cycloaddition to occur, the 
dienophile is now the nucleophile and the diene is now the electrophile. Since the nature 
of the reacting partners is inverted relative to the classical case, it is called an inverse 
electron demand Diels-Alder reaction. Thus the Diels-Alder reaction can proceed, in 
practical terms, in one of two electronic modes: a) the normal mode which is HOMOdiene- 
controlled or b) the inverse electron demand or LUMOdiene-controlled process. 

Figure 8.2.5 
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Application of this theory to the Boger pyridine synthesis reveals that it is a 
LUMOdiene-controlled Diels-Alder reaction. Since the 1,2,4-triazine is electron deficient 
as a result of the ring nitrogen atoms, one must pair this diene with electron rich 
dienophiles to allow optimal HOMO-LUMO pairing for this reaction to become facile. 

With the energetics of the Diels-Alder adducts set correctly, the corresponding 
adduct gives rise to a bicyclic system. Under the reactions conditions, enamine 21 
cycloadds with triazine 22. The initially formed triazobicyclooctane 23 is unstable and a 
facile cycloreversion (retro-cycloaddition) occurs to liberate nitrogen gas. The 
concomitantly formed dihydropyridine 24 rapidly loses pyrrolidine to aromatize the ring 
thus producing the corresponding substituted pyridine 25. 
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An alternative mechanism could be proposed that proceeded through an azete 
intermediate. 9 In the formation of 28 from 26 and 27, initial rearrangement of 26 into 29 




could occur. Loss of nitrogen gas would generation 30. Cycloaddition of 30 with 27 
would afford 31 that could undergo an electrocyclic ring opening to produce 28. 
However, the calculated activation energy of 115 kcal/mol for the conversion of 26 to 29 
makes this step too unfavorable. As a result of this determination, this mechanism was 
rejected in favor of the Diels-Alder-based mechanism. Calculations also indicated that 
the Diels-Alder reaction is very asynchronous. In the transition state one of the two 
bonds is formed to a much larger extent than the other bond (Figure 8.2.6). 
Figure 8.2.6 
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8.2.1.4 Variations and improvements 

Kondrat'eva pyridine synthesis. This methodology to pyridine rings continues to be 
applied in total synthesis. An approach to the antitumor compound ellipticine 34 10 makes 
use of a Diels-Alder reaction of acrylonitrile and oxazole 32 to form pyridiyl derivative 
33. Addition of methyllithium and hydrolysis transforms 33 into 34. 
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An intramolecular variation of this reaction has been applied to the construction 



of the alkaloid eupolaurmine 37. 
intermediate for the synthesis of 37. 



Thermolysis of 35 generates 36, an advanced 




C0 2 Me 
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The intramolecular Kondrat'eva reaction was also used in an approach to the 
antineoplastic alkaloid amphimedine 38. 12 The advanced intermediate 39 was prepared 
and thermolysis afforded 40. Attempts to complete the synthesis by closing the final ring 
failed. 





OMe DBU 




OMe 



A final example of this synthetic methodology is the chiral synthesis of the 



13 



cyclopenta[c]pyridine ring system of (-)-plectrodorine 43. Oxazole 41 was heated in o- 
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dichlorobenzene to produce 42. This compound was then further elaborated to the 
raonoterpene alkaloid 43. 




OTBS 




,...OTBS 



42 



...OH 




43 



Boger developed his pyridine synthesis out of a need to construct a 
pentasubstituted pyridine in an approach to the formal total synthesis of antitumor 
antibiotic streptonigrin 44. u The requisite triazine 48 was produced by using this 
methodology in an iterative sense with two different aza-heterocycles. Reaction of 
thioamidate 46 with tetrazine 47, in a cycloaddition/cycloreversion sequence, afforded 
1,2,4-triaziene 48. Exposure of enamine 49 to 48 resulted in the formation of 50. This 
compound was elaborated into a compound that intercepted Kende's synthesis of 44. 14e 

Boger also used this chemistry in an approach to the fused-tricyclic half of the 
structurally related compound lavendamycin 45.' 
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48 
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The synthesis of phomazarin 54 utilized the highly oxygenated alkene 52 paired 
with triazine 51 to produce 53. 16 Further manipulations transformed this fully substituted 
pyridine into 54. 
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Taking a cue from Neunhoeffer, Boger 17 explored the use of the symmetrical 
triazine 57 with enamines. In contrast to 1,2,4-triazine, 57 generated the corresponding 
pyrimidine 60 rather than the pyridine derivative. This investigation led to the 
development of chemistry directed to the synthesis of desacetamidopyrimidoblamic acid 
56 and ultimately deglyco-desacetamidobleomycin A 2 55. Triazine 57 could be treated 
with ynamine 58 followed by acid to produce pyrimidine 60. A more direct method 
involved amidine 59 with 57 to form 60 in one step. 
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Further variations on this methodology were explored in chemistry directed to the 
synthesis of antitumor antibiotic CC-1065 61. 18 Intramolecular cycloaddition with 
concomitant loss of nitrogen transformed 62 into 63. Further manipulation gave 64 
which served as a building block in the assembly of 61. 
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In an approach to the AB rings of rubrolone 65, Boger 1 examined the use of 
oxazinones as a replacement for triazines. Reaction of l,3-oxazin-6-one 66 with 
enamines 67 produced the corresponding pyridines 70. The reaction proceeds in a 
manner analogous to the triazines; however, instead of losing nitrogen, these systems lose 
CO2 via the intermediate bicyclo[2.2.2]octanes 68. The resultant 69 then loses pyrrolidine 
as in the triazine example. 
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The total syntheses of fredericamycin 71 20 and camptothecin 72 21 made use of 
similar strategies. JV-Sulfonyl-l-aza-l,3-butadienes in conjunction with electron rich 
dienophiles participated in the inverse electron demand Diels-Alder reaction to afford 
pyridines after treatment with base. 



MeO. 





72 



For 71, ketene acetal 73 was paired with azabutadiene 74. The cycloadduct was 
immediately treated with base to afford 75. This compound was eventually converted 
into 71. 
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Using a slightly different ketene acetal 77, reaction with 76 and exposure to 
sodium ethoxide generated 78. This served as a precursor to 72. 
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Taylor has reported a number examples of intramolecular variations directed 
towards heterocyclic systems. 22 The following two reactions are representative. 
Intramolecular addition of triazine 79, after loss of nitrogen afforded 80. Alternatively, 
triazine 81 generated bicyclic systems 82 which could be oxidized to 83. 
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Snyder 23 has conducted similar chemistry but with the goal of generating carbon 
skeletons for the total synthesis of alkaloids. Using indole 84 as a dienophile, the 
canthine alkaloid skeleton 85 was produced. Access to aspidosperma alkaloids was 
obtained when 86 was transformed into 87. 
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This methodology has been applied to the construction of non-natural compounds 
that are of interest for their physical properties. 24 Methano-l-aza[10]annulenes are of 
interest for study by 'H-NMR. The methano-bridge resides in a highly shielded region of 
the molecule due to the ring current. Study of this type of compounds has led to our 
greater understanding of aromaticity. Reaction of benzocyclopropane 88 with triazines 
89 afforded substituted annulenes 91, through intermediate 90. 
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The metal chelating 2,2'-bipyridines, useful in material science, can be obtained 
by this method. 25 For example, bis-triazines 92, in the presence of two equivalents of 
enamine 67, will produce bipyridines 93. 
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Modern technology has influenced these reactions. Ultrasound assisted versions 
of these reactions has been reported. 26 Ultrasound irradiation facilitated the Diels-Alder 
reaction of dimethylhydrazone 94 with 95. The resultant pyridine 96 are afforded in 
shorter reaction times and increased yields. 
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Microwave irradiation generates pyridine 98 from triazine 97 and enamine 67. 
Again, the new technology reduces reaction time and the alternative conditions provide 
reaction manifolds not obtainable using traditional methods. 27 
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Microwave technology has also been extended to the preparation of 1,2,4- 



28 



triazines. The rapid synthesis of diverse triazines 101 can now be accomplished in 
excellent yield and purity from 99 and 100. 
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There are other Diels-Alder approaches to pyridines but they do not proceed in 
one step. For example, Weinreb 29 reported the intramolecular Diels-Alder of oximino 
malonates tethered to a diene. Thermolysis of 102 produced 103 that upon treatment 
with base afforded pyridine 104. 
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Alternative cycloaddition reactions have been reported that generate the pyridine 
ring system. 30 Fully substituted pyridines 106 can be assembled using a novel 
organometallic method. Two different alkynes and a nitrile can be stitched together using 
a zirconium catalyst. The reaction was proposed to proceed via the intermediacy of 
azazirconacyclopentadiene 105. 
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Reaction 31 of lithiated allene with methoxymethyl isothiocyanate afforded 107, 
after trapping with methyl iodide. The newly formed 107 isomerizes under mild 
conditions to triene 108. This compound is ideally setup to experience an 
electrocyclization to dihydropyridine 109. Heating in the presence of acid facilitates 
aromatization of 109 to pyridines 110. 
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8.2.1.5 Experimental 



Preparation of Triazine 114 
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To a solution of 112 (2.0 g, 43.0 mmol) in 50 mL of dry THF at -65°C was added a 
solution of 111 (4.45 g, 34.0 mmol) in 100 mL of absolute ethanol containing 5 mL of 
acetic acid cooled to - 65°C in one portion. After stirring for 15 min., dry triethylamine 
(4.8 g, 510 mmol) was added. The reaction continued for 24 h with slow warming to 
room temperature before reducing the volume to ~10 mL. The crude 113 was brought to 
pH 10 with potassium carbonate. The aqueous solution was continuously extracted with 
chloroform, dried (K2CO3), evaporated onto neutral alumina, placed on a column of 
neutral alumina (50 g) and eluted with chloroform. The solvent was evaporated and the 
residue crystallized from ethanol to yield 113 (2.86 g 55%). The yellow solid had a mp = 
72.5-73.8°C. 

To a solution of 113 (0.50 g, 3.29 mmol) in 8 mL absolute ethanol was added a 
solution of KOH (0.30 g, 5.36 mmol) in 15 mL of ethanol. After 24 h, the precipitate 
was collected and recrystallized from 95% ethanol. The material (0.231 g, 1.42 mol) was 
acidified with 1.5 mL of 1.0N HC1 and freeze dried. The solid was heated at 120°C in a 
sealed tube for 5 min. before diluting with 5 mL chloroform. The volume was reduced to 
1 mL and then purified by preparative GC to afford 114 (46 mg, 40%). 



338 Name Reactions in Heterocyclic Chemistry 

Preparation of 2,3,5-tricarboethoxypyridine 117 33 

Et0 2 C..N^X0 2 Et 



Et0 2 C. .N. X0 2 Et 

T ^ 



/Vo 



Et0 2 C^N' Y__V Et0 2 C 

51 116 117 

To a solution of 51 (1.49 g, 5.0 mmol) in 22.7 mL of chloroform was added 116 (2.22 g, 
20 mmol). The reaction was heated to 60°C for 26 h before removing the solvent. The 
crude product was chromatographed on silica to afford 117 as a yellow oil (1.35 g, 92%). 
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8.3 Preparation via Rearrangement Reactions 

In addition to the formation of the pyridine framework by de novo approaches (see 
section 8.1) or by the cycloaddition/cycloreversion sequence (see section 8.2), one can 
employ reactions that proceed through a rearrangement pathway. The Boekelheide 
reaction (see section 8.3.1) involves the rearrangement of an existing pyridine skeleton to 
a more functionalized scaffold, while the Ciamician-Dennstedt reaction (section 8.3.2) 
generates the pyridine nucleus by rearrangement of an alternative heterocycle. 

8.3.1 Boekelheide Reaction 

8.3.1.1 Description 

The Boekelheide reaction and related reactions involves treating pyridine Afoxides 1 1 
with acylating agents to afford rearranged products 2. Traditionally, the rearrangement 
occurs at the a-position but variations and/or side-products of this reaction afford y- 
position modification. 

1. Ac 2 





2. H 2 ^Nr^Y R 

OH 

1 2 

8.3.1.2 Historical perspective 

Katada, 2ab working in the labs of Ochiai, 2c first described the reaction of iV-oxide 3 with 
acetic anhydride. The resultant rearrangement produced oc-pyridone 4. Shortly 
thereafter, several groups 3-6 working independently reported modifications of this 
chemistry. Implementation of these modifications using 2-alkyl pyridines resulted in the 

Ac 2 





formation of 2-alkoxymethyl pyridines. One of these groups was that of Boekelheide and 
his name has now become linked with this established procedure for introducing oxygen 
functionality into alkyl groups alpha to the aromatic N atom. 

8.3.1.3 Mechanism 

Several groups have contributed pieces to the puzzle of how this reaction proceeds and 
understanding of the events that transpire has evolved with time. While on the surface, 
this reaction looks analogous to the Polonovsky reaction 7 (5 — > 6) or the Pummerer 
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OAc 



reaction. 8 A mechanism invoking an electrocyclic rearrangement is not consistent with 
the experimental observations discussed below. Okuda and Kobayashi 3 suggested a 
mechanism that involved an ionization and anionotropic rearrangement. iV-oxide 7 is in 
equilibrium with its tautomeric form 8, which is trapped by acetic anhydride to form 
anhydrobase 9. Ionization of the N-O bond (10) followed by acetate attack at the 
primary carbocation produces the expected product 11. Bullitt and Maynard, 5 following 
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the cue from Pachter, 9 invoked the intermediacy of anhydrobase 9 more directly through 
Ac 2 
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,-jsk^ .OAc 



11 



acylation of starting material //-oxide 7. These two mechanisms have some very subtle 
differences but Boekelheide 4 departed from an anionic mechanism and favored a free 
radical-based mechanism. His free radical mechanism was based on the observations that 
styrene polymerized only in the presence of intermediates present in this reaction. A 
sequence of events consistent with this begins with acylated N-oxide 12. Homolysis of 
the N-0 bond, generating the radical pair 13, was followed by rearrangement of the 
pyridyl radical cation to 14 that was then rapidly trapped by the acetate radical to give 
rise to 11. A free radical-based mechanism also rationalized other reaction attributes of 
an induction period followed by a strongly exothermic phase as part of the time course 
for the transformation. 
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Subsequent work by Traynellis and Martello 10 did not support the radical 
mechanism. When they conducted experiments similar to Boekelheide but with the 
radical scavengers benzoquinone or /w-dinitrobenzene present, the yield of polystyrene 
dropped off dramatically but the yield of the desired product was unaffected. Thus, this 
work combined with that of others who followed-up on these observations, effectively 
eliminated the free radical mechanism as an option for the Boekelheide reaction. The 
remaining options included an ion-pair or a rearrangement mechanism. The latter option 
was further eliminated from contention by 18 0-labeling studies, 12 initially reported by 
Oae and latter confirmed by Katrizky. The intramolecular nature of the reaction was 
confirmed but the two oxygen atoms of the acetoxy moiety become equivalent during the 
course of the reaction. This observation precludes an electrocyclic rearrangement 
(9— >15) and was further confirmed when it was determined that scrambling of the oxygen 
atoms occurs during the reaction rather than before or after the rearrangement. 









OAc 



15 11 



Additional work by Traynelis and Pacini 120 ' 13 employing spectroscopic and 2 H- 
labeling studies showed that the anhydrobase does not accumulate during the course of 
the reaction and that the formation of the anhydrobase is irreversible. In aggregate, this 
data indicates formation of the anhydrobase is the rate-determining step of the reaction 
and the subsequent rearrangement to products is fast. An ion-pair mechanism is now the 
generally accepted explanation of the events for this reaction. This was further confirmed 
by the observations that electron withdrawing groups favor the reaction and that 2- 
neopentylpyridine-1-oxide 16 gave rise to alkene 19. 12 ,d The formation of alkene 19 can 
be rationalized as follows. Heterolysis of the N-0 bond of acylated 16 would give ion 
pair 17. The more stable 18 could be obtained from 17 by resonance. This neopentyl 
carbocation undergoes a [1,2]-Wagner-Meerwein methyl shift to give, after loss of a 
proton, 19. 
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8.3.1.4 Variations and improvements 

The Boekelheide reaction has found utility in a number of synthetic applications. A 
notable example of its application to natural product synthesis was described by 
Nicolaou in his model system for an approach to the thiopeptide antibiotic thiostrepton, 
in particular, the elaboration of the quinaldic acid moiety. The tetrahydroquinoline 21 
was converted to the N-oxide by wz-CPBA oxidation. Subsequent treatment with TFAA, 
to carry out the Boekelheide reaction, was followed by hydrolysis of the resultant ester to 
produce 22 as a mixture of alcohols. 
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Building blocks, useful for supramolecular or material science, 15 have also been 
prepared using the Boekelheide reaction. Thus bipyridyl derivative 23 was subjected to 
the standard sequence of reactions (oxidation, rearrangement, and hydrolysis) to afford 
the diol 24. 
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The Boekelheide reaction has been applied to the synthesis of non-natural 
products with the preparation of quaterpyridines serving as an example. 16 The sequence 
began with the 2,4-linked bipyridyl-Af-oxide 25. Execution under the typical reaction 
conditions produced the expected bis-pyridone 26. Treatment with POCI3 afforded the 
corresponding dichloride that was submitted to a palladium-catalyzed coupling with 2- 
stannyl pyridine to produce the desired quaterpyridine 27. 
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The Boekelheide reaction has found utility in other synthetic methodology. An 
approach to 2,3-pyridynes 17 made use of this chemistry in the preparation of the key 
intermediate 30. Treatment of 28 with acetic anhydride produced the desired pyridone 
29. Lithiation was followed by trapping with trimethylsilyl chloride and exposure to 
triflic anhydride gave the pyridyne precursor 30. Fluoride initiated the cascade of 
reactions that resulted in the formation of 2,3-pyridyne 31 that could be trapped with 
appropriate dienes in Diels-Alder reactions. 
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Carrying out the Boekelheide reaction in tandem,* a ' lb can lead to the 
corresponding aldehyde rather than the typical alcohol product. Thus, acetic anhydride 
initiated rearrangement of 7 followed by N-oxide formation with hydrogen peroxide gave 
32. Repeating the exposure to acetic anhydride afforded the bis-acetoxy pyridine 33. 
This diacetoxy acetal was directly hydrolyzed to afford the corresponding aldehyde 34. 



Chapter 8. Pyridines 



345 




©Y 



"e 



1. Ac 2 
2. H 2 2 




©V 



"e 



32 



Ac 2 



OAc 




.© 



OAc 




OAc 



33 



34 



This chemoselectivity stands in contrast to that of 2,6-disubstituted pyridines. For 



example, a 2,6-dimethylpyridine 35 was reacted with hydrogen peroxide and acetic 
anhydride to produce the expected acetoxy derivative 36. A second iteration of the 
previous reaction conditions did not afford an aldehyde, as in the previous example, but 
2,6-bis-acetoxy derivative 37. 
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An approach to the construction of Fe(II)-binding agent pyrimine 40, isolated 
from Pseudomonas species, employed the bis-homophenylalanine 38. 19 Initiation of the 
Boekelheide reaction with TFAA and hydrolysis gave the advanced intermediate 39 that 
provided access to the natural product. 
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The formation of a library of 2-substituted quinolines employed a variation on the 
Boekelheide reaction. 20 Treatment of iV-oxide 41 with isobutylchloroformate did not 
result in the typical rearrangement. However, subsequent exposure to Grignard reagents 
resulted in loss of the carbonate with concomitant formation of the 2-substitute 
derivatives 42. 
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The Reissert-Henze reaction offers a method to prepare cyanopyridines and 
extends the Reissert and Kaufmann reactions in the quinoline and isoquinoline series, 
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respectively. Starting with an A^-oxide, the reaction sequence is initiated by 0-alkylation 
rather than 0-acylation of the JV-oxide. The resultant N-alkoxypyridyl compound is then 
subjected to cyanide to afford the 2-cyano-derivative with loss of the alkoxy group. This 
chemistry was used in the preparation of S-adenosylmethionine decarboxylase inhibitors 
of the type 43. 22 Ethylation of N-oxide 44 with diethylsulfate afforded intermediate 45 
which upon exposure to cyanide, produced the corresponding pyridine derivative 46. 
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An improvement in this protocol makes use of trimethylsilylcyanide." This 
reagent carries out both steps in one pot (47 — » 48). The trimethylsilyl group activates 
the N-oxide with concomitant displacement by cyanide 
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One can also use diethyl phosphorocyanidate (DEPC) to effect a similar 
transformation. This was the reagent of choice in the generation of l-substituted-4- 
oxygenated-f3-carbolines (49— »50). 
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One can extend the strategy employed in the Reissert-Henze reaction to 
nucleophiles other than cyanide. Phosphorus-based systems were employed in the 
generation of ligands for use as iron chelates. 25 Alkylation of iV-oxide 3 with 
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dimethylsulfate gave 51 that was treated with lithium diethylphosphite to produce 
pyridine derivative 52. Oxidation of the pyridyl nitrogen and repeating the initial two 
steps gave 53. This could be hydrolyzed to the diphosphonic acid and used as the ligand. 
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Minisci reactions have also been applied to these compounds. N-oxide 
formation by exposure to m-CPBA and 0-methylation with Meerwein's reagent 
converted 54 into 55. Nucleophilic attack of the hydroxymethyl radical, generated with 
ammonium sulfate, provides an alternate route to 2-hydroxymethyl pyridines 56. 
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Finally, treating the JV-oxide directly with Tebbe reagent provides a rapid 
method 27 of introducing the 2-methyl substituent (57 — > 58). 
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8.3.1.5 Experimental 
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To iV-oxide 59 (22.42 g, 70.4 mmol) in 400 mL of dry CH 2 C1 2 was slowly added TFAA 
(25 mL, 177 mmol). A slight rise in temperature of the reaction was observed. After 1 h 
at rt, the solution was concentrated and the residue dissolved in 100 mL of CH2CI2 and 
saponified with 300 mL of 2 M Na2CC>3 solution. The biphasic mixture was vigorously 
stirred for 3 h. The aqueous phase was extracted twice with CH2CI2, the combined 
organic phases were washed with H2O, brine and dried (MgS04). After concentration, 
21.38 g of a pale yellow crystalline solid was obtained. Washing with hexanes afforded 
19.85 g (89%) of 60 as white crystals (mp = 99°C) analytically pure. 
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8.3.2 Ciamician-Dennstedt Rearrangement 

8.3.2.1 Description 

The Ciamician-Dennstedt reaction involves the reaction of a pyrrole (1) with the carbene 
generated from chloroform and a base to provide a 3-chloropyridine (2, Scheme 8.3.1). 



Scheme 8.3.1 
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8.3.2.2 Historical Perspective 

Ciamician and Dennstedt reacted the potassium salt of pyrrole with chloroform in ether 
and isolated, after much purification, 3-chloropyridine, which was confirmed by 
crystallization with platinum. 1 While the pyrrole salt can be used as the base, the 
chloroform carbene is typically formed with an alkali alcohol. Forty years later, 
Robinson and co-workers made 3-chloroquinolines from indoles using the 
Ciamician-Dennstedt reaction. 



8.3.2.3 Mechanism 

The Ciamician-Dennstedt reaction can be thought of as the complement to the 
Reimer-Tiemann reaction (Scheme 8.3.2). 3 The first step of both reactions is 
cyclopropanation of one of the carbon-carbon double bonds of a pyrrole with a 
dichlorocarbene, resulting in intermediate 3. The Ciamician-Dennstedt reaction results 
from cleavage of the internal C-C bond and elimination of chloride (path a), while the 
Reimer-Tiemann reaction results from cleavage of the exocyclic bond, and subsequent 
hydrolysis of the dichloromethyl moiety to furnish aldehyde 5 (path b). 



Scheme 8.3.2 
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It has been suggested that the strain of the [3.1.0] ring system plays a role in 
facilitating the reaction. In a carbocyclic system, the [3.1.0] ring system opens 200 times 
faster than the analogous [4.1.0] ring system. 4 
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8.3.2.4 Variations and improvements 

The highest yields in the Ciamician-Dennstedt reaction have been achieved using phase 
transfer catalysts (Table 8.3. 1). 5 In the reaction, the pyrrole or indole and a phase transfer 
catalyst (PTC, in this case benzyltriethylammonium chloride) are dissolved in chloroform 
and aqueous sodium hydroxide is added. Yields are typically in the 40s to 60s (rather 
than in the 20s for a typical Ciamician-Dennstedt reaction). More recently, yields as 
high as 80% have been reported using tetra-n-butylammonium hydrogen sulphate as the 
phase transfer catalyst. 



Table 8.3.1. Comparison of Phase Transfer Catalysts on Yield of Ciamician-Dennstedt reaction 
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The use of sodium tribromoacetate as the dibromocarbene precursor has been 
investigated and found to provide the Ciamician-Dennstedt product in higher yield than 
the traditional alkoxide/alcohol reaction conditions. 7 Deprotonation of bromoform with 
sodium ethoxide in ethanol and reaction of the resultant carbene with 6 provides 
quinoline 9 in 9% yield; thermolysis of sodium tribromoacetate in the presence of 6 
furnishes 9 in 20% yield (Scheme 8.3.3). 



Scheme 8.3.3 



OcC ~~ 

^•^ N Me 

H 

6 

Conditions 
NaOEt, CHBr 3 , EtOH, 50-55 °C 
NaOCOBr 3 , MeOCH 2 CH 2 OMe, A 




Me 



N Me 




8 

Yield 
6.9% 
3.2% 



9 

Yield 
8.8% 
20.5% 



Flash vapor pyrolysis of chloroform has been used to effect the 
Ciamician-Dennstedt reaction on pyrrole, 8 as well as pyrazoles, indoles, 1 and 
imidazoles. 11 Phenyl(trichloromethyl)mercury has been used as a dichlorocarbene 
Drecursor in the Ciamician-Dennstedt reaction. 12 Dichlorocarbene generated 
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electrochemically has been added to indoles to furnish the 3-chloroquinoline in yields 
comparable to traditional alkoxide/alcohol reaction conditions. 13 



8.3.2.5 Synthetic utility 

The Ciamician-Dennstedt reaction has been used to prepare macrocycles. Reaction of 
2,3-alkyl linked indole derivatives 10, 11, 13, and 15 with phenyl(trichloromethyl)- 



mercury furnishes metaquinolophanes 12, 14, and 16 (Scheme 8.3.4). 
make the linker chain shorter than six carbons failed. 
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In a similar manner, metapyridophanes 18 can be prepared by reaction of sodium 
trichloroacetate with pyrrole 17 (Scheme 8.3.5). The transformation can also be achieved 
with phenyl(bromodichloromethyl)mercury, albeit in lower yield. 



Scheme 8.3.5 
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The Ciamician-Dennstedt reaction is currently the only way to date to make 
calix[4]pyridine 20.(Scheme 8.3.6) 15 Four sequential treatments of calix[4]pyrrole 19 
with sodium trichloroacetate results in all four possible geometric isomers of 20 (all four 
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chlorines in the a position, three chlorines in the a position, two isomers with two 
chlorines in the a position) in 26% overall yield. 

Scheme 8.3.6 




Though beyond the scope of this book, the carbocyclic analog of the 
Ciamician-Dennstedt reaction has been investigated. 16 

8.3.2.6 Experimental 
3-Chloro-2,4-dimethyl-quinoline(7) 6 

To a stirred solution of 2,3-dimethyl indole (6, 1.45 g, 10 mmol, 1.0 equiv) and tetra-n- 
butylammonium sulfate (3.40g, 10 mmol, 1.0 equiv) in chloroform (150 mL) was added 
potassium hydroxide (50% aqueous solution, 20 mL) over 30 minutes. The stirring was 
continued for six hours, at which time the mixture was extracted with chloroform, the 
chloroform-water mixture was washed with water, and the organic layer concentrated. 
Silica gel chromatography provided 2,4-dimethyl-3-chloroquinoline (7, 1.52 g, 79% 
yield). 
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8.4 The Zincke Reaction 

8.4.1 Description 

The Zincke reaction is an overall amine exchange process that converts AT-(2,4- 
dinitrophenyl)pyridinium salts (e.g., 1), known as Zincke salts, to Af-aryl or iV-alkyl 
pyridiniums 2 upon treatment with the appropriate aniline or alkyl amine. The Zincke 
salts are produced by reaction of pyridine or its derivatives with 2,4- 
dinitrochlorobenzene. This venerable reaction, first reported in 1904 2 and independently 
explored by Konig, 3 proceeds via nucleophilic addition, ring opening, amine exchange, 
and electrocyclic reclosure, a sequence that also requires a series of proton transfers. By 

Scheme 8.4.1 
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manipulating reaction conditions, including solvent and the Zincke salt counterion, the 
Zincke process has been applied to the preparation of a wide range of pyridinium salts, 
including library synthesis on solid support. The synthetic utility of the Zincke reaction 
derives from its efficacy in producing pyridinium salts unattainable by direct JV-arylation 
or N-alkylation. For example, electron deficient, weakly nucleophilic pyridines can 
nevertheless be converted to the corresponding JV-(2,4-dinitrophenyl)pyridinium salts and 
then to N-aryl or JV-alkyl pyridiniums via the Zincke reaction. Additionally, while direct 
N-arylation of pyridines by nucleophilic aromatic substitution requires that the aryl halide 
electrophile be activated by electron withdrawing groups, the Zincke reaction tolerates a 
wide variety of substituted anilines as nucleophiles, resulting in a versatile route to iV-aryl 
pyridinium salts. Pyridine N-alkylation, meanwhile, often fails with o-substituted 
electrophiles, and when these reactions do proceed, stereogenicity at the leaving group- 
bearing center is often compromised via the SnI process. With the Zincke reaction, 
however, «-chiral alkyl amines provide the corresponding N-alkyl pyridinium salts with 
retention of configuration. These attributes, along with the synthetic versatility of the 
pyridinium products, have made the Zincke reaction a key transformation in numerous 
preparations of alkaloids, NAD + /NADH analogs, cytotoxic metabolites, and other 
medicinally relevant substances. 

8.4.2 Historical Perspective 

In 1904, Zincke reported that treatment of N-(2,4-dinitrophenyl)pyridinium chloride (1) 
with aniline provided a deep red salt that subsequently transformed into Af-phenyl 
pyridinium chloride 5 (Scheme 8.4.2). 2 Because the starting salt 1 was readily available 
from the nucleophilic aromatic substitution reaction of pyridine with 2,4- 
dinitrochlorobenzene, the Zincke reaction provided access to a pyridinium salt (5) that 
would otherwise require the unlikely substitution reaction between pyridine and 
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chlorobenzene. The intermediate red salt proved to be the conjugated iminium species 3, 
incorporating two aniline units. Independently, Konig characterized similar salts, now 
known as Konig salts, in the reactions of cyanogen bromide-activated pyridine with 
anilines, but assigned the ring closed structure (e.g., 4). 3 Following these initial reports, 
Zincke and co-workers extended the reaction to a variety of substituted pyridines 4 as well 
as to the isoquinoline-derived system 6 (Scheme 8.4.3). 

Scheme 8.4.2 
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Later in the 20th century, Vompe 6 and Stepanov 7 delineated efficient procedures 
for the preparation of the so-called Zincke salts (e.g., 1) from pyridines and 2,4- 
dinitrochlorobenzene, involving, for example, reflux in acetone. Vompe 8 and Lukes 9 also 
noted that electron-donating substituents on the pyridinium ring of the Zincke salt 
retarded reaction with amines at the 2-position of the pyridinium ring, sometimes leading 
instead to attack at the C-l' position of the 2,4-dinitrobenzene ring, with displacement of 
the pyridine. 



Scheme 8.4.3 






During the 1950s and 1960s Hafner used Konig salts, derived from the reaction of 
N-methyl aniline with Zincke salt 1, for azulene synthesis. 10 The Zincke reaction also 
achieved prominence in cyanine dye synthesis 1 and as an analytical method for 
nicotinamide determination. 2 

Zincke salts have played an important role in the synthesis of NAD + /NADH co- 
enzyme analogs since a 1937 report on the Zincke synthesis of dihydropyridine 7 for use 
in a redox titration study. 13 The widely utilized nicotinamide-derived Zincke salt 8, first 
synthesized by Lettre 14 was also used by Shifrin in 1965 for the preparation and study of 
NAD + /NADH analogs. 15 In 1972, Secrist reported using 8 for synthesis of simplified 
NAD + analogs such as 10 for use in spectroscopic studies (Scheme 8.4.4). 16 Subsequent 
utilization of 8 is discussed later in this article. 
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8.4.3 Mechanism 

Early mechanistic studies on the Zincke reaction focused on the initial pyridinium ring 
opening upon addition of aniline, leading to the Konig salt 3 (Scheme 8.4.5). Van den 
Dunghen et al. proposed a rate-determining electrocyclic ring opening after finding that 
the process was first order in the Zincke salt 1, first order in aniline, and first order in 
added hydroxide. 17 Oda and Mita also found the ring opening to be first order in 1, but 
observed a second order dependence of ring opening rate on aniline concentration in the 
absence of added hydroxide, emphasizing the importance of proton transfer in the 
process. 18 Related studies have also been conducted on ring opening of an N^V-dimethyl 
carbamoyl pyridinium salt. 
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Subsequently, Marvell studied the ring-closing kinetics of the isolated Konig salt 
3, monitoring its conversion to phenyl pyridinium chloride by UV spectroscopy. ' In 
the absence of any added base, the protonated material 11 was in equilibrium with a small 
amount of the free base 12 (Scheme 8.4.6) (K = 8.5 x 10~ 8 M at 42.6 °C), and cyclization 
via the trans— >cis isomerized form 13 occurred with first order kinetics (k = 8.94 x 10 
s _I at 42.6 °C). Added base increased the rate up to 1 equiv but not thereafter, 
corresponding to full conversion of 11 to the deprotonated form 12. Various bases, Et3N, 
Bu 3 N, and methoxide, all gave the same result. In the presence of excess base, the first- 
order rate constant was k' ~ 1.0 x 10~ 3 s _1 at 42.6 °C. On the basis of these results, ring 
closure was proposed to occur upon deprotonation and isomerization to the cis 13. 
Cyclization and extrusion of aniline would then provide the AF-phenyl pyridinium product 
15. 
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Scheme 8.4.6 
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Several lines of evidence suggested that the ring closure occurred as an 
electrocyclization, rather than a polar nucleophilic addition (that is 16— >17, Scheme 
8.4.7). 21 ' 22 The entropy of activation for the process 11— >15 was close to zero, not 
consistent with buildup of charge in the transition state for the rate-determining 
cyclization step, which would entail organization of the solvent. The rate of reaction was 
not affected by added LiC104 and actually increased slightly with decreasing solvent 
polarity (MeOH — > 1/1 MeOH/dioxane), again at odds with the polar ring closure 
mechanism. Finally, when various aryl-substituted Konig salts 18 were used in 
cyclization rate studies (Scheme 8.4.8), Marvell and Shahidi found only a minor 
dependence on electronic factors, 22 with the 4-nitro substitution giving cyclization just 
five times faster than the 4-dimethylamino substrate. 

Scheme 8.4.8 
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In all cases, entropies of activation were close to zero, and enthalpies of activation 
were similar across the series. The first-order dependence on concentration of Konig salt 
and the independence of rate on the type of added base were also maintained in the 
substituted systems. There was no good fit of rate data for the substrates 18 to the 
Hammett equation using either cor cf, but using cf as the better-fitting option gave p = 
+0.35, again indicating little dependence on electronic effects, more consistent with an 
electrocyclic ring closure than the polar nucleophilic addition alternative. 
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In terms of the final loss of aniline after ring closure, the fact that reactions using 
Et 3 N and BU3N, (ammonium ion as proton source) occurred at the same rate as the 
reactions with methoxide base (MeOH as proton source) suggested a lack of general acid 
catalysis. Also, it was found that varying the amount of available acid did not change the 
rate of cyclization appreciably. 21 

In summary, these results were interpreted to support rate-determining 
electrocyclization for the ring closure, starting from the all-trans iminium 11, via the cis 
conformation 13 of the neutral form, followed by fast proton transfer and elimination of 
aniline (Scheme 8.4.6). 
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Ise and co-workers investigated the reactions of iV-(2,4-dinitrophenyl)-3- 
carbamoyl pyridinium chloride (8) with amines, with hydroxide, and also with a 
combination of the two. They also measured the effect of added electrolytes as a 
mechanistic probe. 23 Their UV-spectroscopic studies suggested rate-determining 
addition of hydroxide to the pyridinium salt, followed by electrocyclic ring opening. 
Intermediate 21 (Scheme 8.4.9) formed even in the absence of added hydroxide in the 
solvent system used (EtOH/HbO). Sequential exchange reactions with two equivalents of 
the amine and loss of 2,4-dinitroaniline would provide the Konig salt intermediate 23 (in 
equilibrium with the all-trans form) for the ring closure sequence delineated by Marvell. 
Intermediates 21 and 22 were identified spectroscopically, and it was found that 
formation of 21 was slowed by addition of electrolytes, indicating that it arose from the 
reaction of oppositely charged ions. Meanwhile, 22 diminished more rapidly in the 
presence of hydrophobic polymeric anions, suggesting a reaction with a cation, RNH 3 + . 
In related studies, Kavalek and Sterba also reported kinetic studies on the reactions of 
Zincke salts with anilines. 24 

From these various studies, the overall picture that emerged for the Zincke 
reaction mechanism is outlined in Scheme 8.4.10. la When water is excluded, initial 
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nucleophilic addition would be by the amine, leading to 26 after deprotonation and ring 
opening. Loss of 2,4-dinitroaniline occurs, yielding the unsaturated iminium species 27. 
The conjugated system of intermediate 27 is in rapid equilibrium with the all-trans form 
28 and with the neutral form 29, even in the absence of additional base. Ring closure to 
31 occurs from the cis isomer 30 via an electrocyclic process rather than a nucleophilic 
addition mechanism, and loss of an amine molecule follows protonation, leading to the 
final pyridinium salt product 32. 
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In reporting studies using polymer-bound amines in reactions with Zincke salts, 
Kurth has pointed out that the mechanism outlined in Scheme 8.4.10 would require 
interactions among amino sites on the polymer for proton-transfer steps and for formation 
of an intermediate analogous to 29. Furthermore, two-point attachment to the solid phase 
might restrict such an intermediate from adopting the appropriate cis conformation for 
ring closure. Kurth and Eda examined the effects of resin cross linking and amine 
loading levels on the efficiency of the solid-phase Zincke reaction. 25 There was little 
effect in going from 1% to 2% cross linking, but yields increased markedly at higher 
amine loadings, suggesting that site-site interactions were indeed required. Importantly, 
when Et3N was added, the Zincke process occurred efficiently even at the lower amine 
loadings, suggesting that with E13N available to mediate proton-transfer steps an 
alternative pathway was operable (Scheme 8.4.11), involving only one polymer-bound 
amine site. 
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Scheme 8.4.11 
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8.4.4 Variations and Improvements 

In addition to their reactions with amines, Zincke salts also combine with other nitrogen 
nucleophiles, providing various iV-substituted pyridine derivatives. Pyridine TV-oxides 
result from the reaction with hydroxylamine, as exemplified for the conversion of Zincke 
salt 38 to the Af-oxide 39. 26,27 Reactions of Zincke salts with hydrazine, meanwhile, lead 
to N-aminopyridinium salts, 26 ' 27 ' 28 such as the 3-picolinium chloride derivative 41, 
formed by reaction with Zincke salt 40 in water, followed by refluxing in dioxane. 26 
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With AT-acyl or N-sulfonyl hydrazines as nucleophiles, Zincke salts serve as 
sources of iminopyridinium ylides and ylide precursors. 27,28 ' 29 Reaction of the 
nicotinamide-derived Zincke salt 8 with ethyl hydrazino urethane 42 provided salt 43, 
while the tosyl hydrazine gave ylide 44 (Scheme 8.4. 14). 30 Benzoyl hydrazines have also 
been used in reactions with Zincke salts under similar conditions. 31 ' 3 N-amino-1,2,3,6- 
tetrahydropyridine derivatives such as 47 (Scheme 8.4.15), which showed anti- 
inflammatory activity, are also accessible via this route, with borohydride reduction of 
the initially formed ylide 46 



29b 



Scheme 8.4. 1 4 ^^X0NH 2 

42 O [ T 

H 2 N-N A OEt C| -+N « 

,- ,| ^NH 2 U .. ,NC0 2 Et 



^A 




HgN-NHTs 



a 



CONH, 



NO? 8 



+ V 



44 



NTs 



362 



Name Reactions in Heterocyclic Chemistry 



Scheme 8.4.15 
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Zincke-type salts derived from other aromatic nitrogen heterocycles also undergo 
Zincke reactions. The isoquinolinium salt 6 (Scheme 8.4.16) permitted incorporation of a 
phenyl ethylamine chiral auxiliary, providing salt 48. 33 In this context and others {vide 
infra), Marazano and co-workers found that refluxing n-butanol was a superior solvent 
system for the Zincke process. Additionally, the stereochemical integrity of the or-chiral 
amino fragment was reliably maintained. 

Scheme 8.4.16 
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With a chiral phenylglycinol nucleophile (Scheme 8.4.17), use of the chloride 
Zincke salt 6 (cf Scheme 8.4.16) gave decomposition of the salt back to isoquinoline and 
2,4-dinitrochlorobenzene. The desired reaction was enabled by exchanging chloride for 
the weakly nucleophilic dodecyl sulfate anion. The resulting salt 49 also had improved 



solubility and smoothly underwent Zincke reaction to 50. a In the case of 5,5-dimethoxy 
isoquinoline-derived salts 51 and 52, Zincke reactions worked best in CH2CI2 solvent, 
and this solvent was broadly useful for Zincke reactions of electronically deactivated (i.e. 
electron-rich) pyridiniums as well (vide infra). 
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The 2,7-naphthyridine system 53 (Scheme 8.4.18) was combined with 2,4- 
dinitrochlorobenzene and 2-amino glycerol for in situ reaction of the resulting Zincke 
salt. The resulting naphthyridinium 54 was trapped by Bradsher cycloaddition with (Z)- 
vinyl ether 55, providing tetracycle 56 (X-ray) upon internal addition of one of the 
diastereotopic hydroxymethyl groups to the resulting iminium. 34 This approach was also 
extended to the use of chiral 2,7-naphthyridinium salts, prepared via the analogous 
Zincke process. 35 
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The Zincke reaction has also been adapted for the solid phase. Dupas et al. 
prepared NADH-model precursors 58, immobilized on silica, by reaction of bound amino 
functions 57 with Zincke salt 8 (Scheme 8.4.19) for subsequent reduction to the 1,4- 
dihydropyridines with sodium dithionite. 36 Earlier, Ise and co-workers utilized the 
Zincke reaction to prepare catalytic polyelectrolytes, starting from poly(4-vinylpyridine). 
Formation of Zincke salts at pyridine positions within the polymer was achieved by 
reaction with 2,4-dinitrochlorobenzene, and these sites were then functionalized with 
various amines. The resulting polymers showed catalytic activity in ester hydrolysis. 37 

Scheme 8.4.19 
CONH 2 

56% 




CI" 



DNP 
8 



^Si-O-Si 




CONH, 



364 Name Reactions in Heterocyclic Chemistry 



In search for activators of the cystic fibrosis transmembrane conductance 
regulator protein, Kurth and co-workers prepared benzo[c]quinolizinium-mimicking 
structures via solid-phase Zincke reaction. 38 For example, dodecyl sulfate Zincke salt 59 
(Scheme 8.4.20) reacted with resin-bound phenylglycinol, providing the solid-supported 
Zincke product 60. Toluene solvent provided advantageous swelling of the resin, and 
Et3N was added to circumvent the need for two-site participation in the Zincke reaction 25 
(see section 8.4.3 for the mechanism). Cleavage from the resin, ion exchange, and 
purification provided pyridinium chloride 61 in 81% overall isolated yield and 96% 
purity, as judged by HPLC analysis. 
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Eda and Kurth applied a similar solid-phase combinatorial strategy for synthesis 
of pyridinium, tetrahydropyridine, and piperidine frameworks as potential inhibitors of 
vesicular acetylcholine transporter. 39 One member of the small library produced was 
prepared from amino-functionalized trityl resin reacting with a 4-phenyl Zincke salt to 
give resin-bound product 62 (Scheme 8.4.21). After ion exchange and cleavage from the 
resin, pyridinium 63 was isolated. Alternatively, borohydride reduction of 62 led to the 
1,2,3,6-tetrahydropyridine 64, which could be hydrogenated to the corresponding 
piperidine 65. 
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Prokai and co-workers have also used a solid-phase Zincke approach in preparing 
analogs of the tripeptide TRH (pGlu-His-Pro-Nfk), a hypothalamic releasing factor for 
regulation of pituitary function. 40 The strategy was to deliver a prodrug having the 
central histidine replaced with a 1,4-dihydropyridine unit. The prodrug was expected to 
cross the hydrophobic blood-brain barrier, but to be trapped within the central nervous 
system upon oxidation to the hydrophilic pyridinium form. Diaminopropionic acid was 
incorporated into a resin-bound tripeptide, and Zincke reaction of amine 66 (Scheme 
8.4.22) was carried out with nicotinamide-derived salt 8 in DMF with a catalytic amount 
of added pyridine. The pyridinium-containing tripeptide was cleaved from the resin and 
reduced to the dihydro form 68, which showed in vivo activity, reducing sleeping time 
for mice drugged with pentobarbital. 
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8.4.5 Synthetic Utility 

The Zincke reaction has been of considerable use in the asymmetric synthesis of nitrogen 
heterocycles, because it permits incorporation of «-chiral amines with retention of 
configuration. Moreover, the resulting pyridinium salts are versatile building blocks for 
elaboration to a range of structures, including piperidine-containing natural products. In 
1974, de Gee et al. demonstrated that a variety of or-chiral amines reacted with Zincke 
salt 71, giving a series of yV-(alkyl)-p-carbomethoxy pyridinium salts 72 (Scheme 
8.4.23). 41 
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The configuration of the amine was retained, except in the case of amino acid 
derivatives, which racemized at the stage of the pyridinium salt product. Control 
experiments showed that, while the starting amino acid was configurationally stable 
under the reaction conditions, the pyridinium salt readily underwent deuterium exchange 
at the or-position in D 2 0. In another early example, optically active amino alcohol 73 and 
amino acetate 74 provided chiral 1 ,4-dihydronicotinamide precursors 75 and 76, 
respectively, upon reaction with Zincke salt 8 (Scheme 8.4.24). The 1,4-dihydro forms 
of 75 and 76 were used in studies on the asymmetric reduction of ^^-unsaturated 
iminium salts. 
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Marazano and co-workers have used the Zincke reaction extensively to prepare 
chiral templates for elaboration to substituted piperidine and tetrahydropyridine natural 
products and medicinal agents. For example, 3-picoline was converted to Zincke salt 40 
by reaction with 2,4-dinitrochlorobenzene in refluxing acetone, and treatment with /?-(-)- 
phenylglycinol in refluxing n-butanol generated the chiral pyridinium 77. 43 Reduction to 
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the 1,4-dihydropyridine led to cyclization upon exposure to alumina. The resulting 
bicyclic oxazolidine 78 served as a framework for a sequence of moderately 
diastereoselective Grignard additions, providing the dart-poison alkaloid (+)-209B (the 
antipode of the natural material) after auxiliary cleavage and reductive amination. 



43, 44, 45 
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A similar oxazolidine-based strategy was employed in the syntheses of R-(+)- 
anatabine (84) and (+)-benzomorphan (85), utilizing Zincke-derived salts 80 and 81, 
respectively (Scheme 8.4.26). In these cases, borohydride reduction, followed by 
cyclization, led to oxazolidines 82 and 83 as substrates for organometallic addition and 
subsequent elaboration to the natural products. 46 ' 13 

Diastereomeric oxazolidines 88 and 89 (Scheme 8.4.27) were available via 1,4- 
reduction and cyclization of Zincke product 87, with 88 being the kinetic product under 
the reaction conditions and 89 (X-ray) the thermodynamically favored isomer in CDCI3 
solution. Iterative reductive oxazolidine opening provided 3-aryl piperidine 91, which 
was readily advanced to (-)-PPP (92), a selective dopaminergic receptor antagonist. 47 
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Marazano's conditions for the Zincke reaction were applicable to other variously 
substituted pyridiniums. For example, acetonide-protected salt 93 provided chiral 
product 94 in high yield (Scheme 8.4.28). The higher boiling alcohol solvent was 
required for good yields, and no amine racemization was observed. With electron-rich 
pyridinium salt 95 (Scheme 8.4.29), refluxing CH 2 C1 2 was the optimal solvent system, as 
use of n-BuOH gave only nucleophilic attack on the dinitrobenzene ring. 48 Piperidine 
natural products 98 and 99 were accessed via electron-rich Zincke salts ent-96 and 97 
(Scheme 8.4.30), prepared under the same CH2CI2 conditions and advanced in a fashion 
similar to the route toward 84 and 85 (cf. Scheme 8.4.26). 49 
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Likewise, a cis-2,6-disubstituted piperidine natural product, (-)-lobeline (98, 

Scheme 8.4.30) was synthesized from the chiral Af-alkyl pyridinium salt ent-80 via a 

sequence that included addition of a Reformatsky reagent to an intermediate 
oxazolidine. 50 
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Direct addition of Grignard reagents to Zincke-derived chiral pyridinium salts 
such as 99, meanwhile, allowed subsequent reduction to 1,2,3,6-tetrahydropyridines (e.g., 
100, Scheme 8.4.32). This strategy provided entry to asymmetric syntheses of (-)- 
lupetidin and (+)-solenopsin. 51 Tetrahydropyridines prepared by reduction of chiral 
pyridinium salts could also be epoxidized diastereoselectively, 52 and alkylated product 
100, for example, was readily advanced to the highly oxygenated piperidine 101 (Scheme 

Scheme 8.4.33 



8.4.33). 53 
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Chiral dihydropyridines such as 103 were also accessible from Zincke-derived N- 
alkyl pyridinium salt 102 (Scheme 8.4.34). The dihydropyridine underwent 
cycloaddition with methylacrylate, providing chiral isoquinuclidine derivative 104 as the 
major diastereomeric product. 54 
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The utility of the Zincke reaction has been extended to the preparation of various 
NAD + and NADH analogs. Holy and co-workers synthesized a series of NAD + analogs 
containing nucleotide bases as a means to study through-space interaction between the 
pyridinium and base portions. 55 Nicotinamide-derived Zincke salt 8 was used to link 
with various adenine derivatives via tethers that contained hydroxyl (105 — > 106, Scheme 
8.4.35), 55a ' bd phosphonate (107->108, Scheme 8.4.36), 55c and carboxylate 55d 
functionality, for example. For the Zincke reactions of an amino acid 5 d and amino 
phosphonate 107, 55c a base (DBU) was included in the reaction mixture to deprotonate 
the ammonium function of the zwitterionic starting material. 
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The Zincke reaction has also been used to prepare medicinal agents for chemical 
delivery via an in situ dihydropyridine/pyridinium redox strategy. One example was 
outlined in the solid-phase synthesis of tripeptide analog 70 (Scheme 8.4.22). 40 Woodard 
et ah, meanwhile, prepared a y-aminobutyric acid (GAB A) analog prodrug via Zincke 
reaction of pyridinium salt 8 with the y-amino aldehyde acetal 109 (Scheme 8.4.37). 56,la 
The 1,4-dihydropyridine 110, obtained after dithionite reduction, served as a precursor to 
GAB A analog 111. The neutral prodrug is sufficiently lipophilic for efficient delivery 
and is hydrolyzed and oxidized in vivo to the active form 111. The same research group 
also used the nicotinamide-derived Zincke salt 8 in reactions with various anilines and 
primary amines to synthesize 1 ,4-dihydropyridines for a study on the effect of 
substitution on rate of reoxidation with KaFe(CN)6. 57 
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Utilizing the Zincke reaction of salts such as 112 (Scheme 8.4.38), Binay et al. 
prepared 4-substituted-3-oxazolyl dihydropyridines as NADH models for use in 
asymmetric reductions. 58 They found that high purity of the Zincke salts was required for 
efficient reaction with i?-(+)-l-phenylethyl amine, for example. As shown in that case 
(Scheme 8.4.38), chiral N-substituents could be introduced, and 1,4-reduction produced 
the NADH analogs (e.g. 114). 
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Marazano and co-workers have also applied the reactions of tryptamine with 
various Zincke salts, including 115 (Scheme 8.4.39), in the synthesis of pyridinium salts 
such as 116. This type of product is useful for further conversion to dihydropyridine or 
2-pyridone derivatives. For example, in a different study, Zincke-derived chiral 
pyridinium salts could be oxidized site-selectively with potassium ferricyanide under 
basic conditions as a means of chiral 2-pyridone synthesis (117 -> 118, Scheme 8.4.40). 60 
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An intriguing application of Zincke processes occurred in Marazano's synthesis 
of dimeric, tetrameric, and even octameric pyridinium macrocycles, including 
cyclostellettamine B, a sponge-derived natural product. 61 The same strategy produced a 
synthesis of haliclamine A (121, Scheme 8.4.41), a cytotoxic sponge metabolite. 62 
Intermediate 119, itself produced via a Zincke route, underwent an intramolecular Zincke 
reaction, providing macrocycle 120, which was reduced to the natural product. 

Scheme 8.4.41 
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l-(2,4-Dinitrophenyl)-3-ethylpyridinium Chloride (115). 47 

A solution of 3-ethylpyridine (23 mL, 202.2 mmol) and l-chloro-2,5-dinitrobenzene (40 
g, 197.5 mmol) was refluxed in acetone (70 mL) overnight. The precipitate of salt 115 
was collected by filtration as a white solid (48.38 g, 79%). 
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(-)-3-Ethyl-l-[(l«)-2-hydroxy-l-phenylethyl]pyridinium Chloride (122). 47 

/?-(-)-Phenylglycinol (5 g, 36.5 mmol) was added to a solution of Zincke salt 115 (10.3 g, 
33.3 mmol) in n-butanol (100 mL) at 20 °C. The resulting deep red solution was refluxed 
during 20 h. Removal of the solvent under reduced pressure left a residue that was 
treated with H2O (70 mL). The precipitate (2,4-dinitroaniline hydrochloride) was 
eliminated by filtration, and the operation was repeated twice. The combined aqueous 
phase was basified with concentrated ammonia (5 mL) and washed twice with EtOAc 
(200 mL) in order to remove the remaining 2,4-dinitroaniline and the excess of /?-(-)- 
phenylglycinol. Evaporation of water gave salt 122 (7.53 g, 86%) as a pale orange gum. 
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9.1 Bischler-Napieralski Reaction 



9.1.1 Description 

The Bischler-Napieralski 1 reaction involves the cyclization of phenethyl amides 1 in the 
presence of dehydrating agents such as P 2 5 or POCl 3 to afford 3,4-dihydroisoquinoline 
products 2. 2 ' 5 This reaction is one of the most commonly employed and versatile methods 
for the synthesis of the isoquinoline ring system, which is found in a large number of 
alkaloid natural products. 6 The Bischler-Napieralski reaction is also frequently used for 
the conversion of N-acyl tryptamine derivatives 3 into P-carbolines 4 (eq 2). 



R ij HN R 
1 O 




P 2 5 or POCI3 




P 2 5 or POCI3 




9.1.2 Historical Perspective 

The synthesis of 3,4-dihydroisoquinolines via intramolecular reactions of phenethyl 
amides was first reported by August Bischler and Bernard Napieralski in 1893. 1 The 
authors described the conversion of iV-acyl phenethylamide (1, R' = Me) and N-benzoyl 
phenethylamide (1, R' = Ph) to l-methyl-3,4-dihydroisoquinoline (2, R' = Me) and 1- 
phenyl-3,4-dihydroisoquinoline (2, R' = Ph), respectively, in the presence of P2O5. This 
reaction has subsequently proven to be one of the most general methods ever developed 
for the synthesis of dihydroisoquinolines. 



9.1.3 Mechanism 

Despite the synthetic utility of this transformation, nearly eighty years elapsed between 
the discovery of the Bischler-Napieralski reaction and the first detailed studies of its 
mechanism. 7-9 Early mechanistic proposals regarding the Bischler-Napieralski reaction 
involved protonation of the amide oxygen by traces of acid present in P 2 5 or POCI3 
followed by electrophilic aromatic substitution to provide intermediate 5, which upon 
dehydration would afford the observed product 2. However, this proposed mechanism 
fails to account for the formation of several side products that are observed under these 
conditions (vide infra), and is no longer favored. 




T 
o 



H + 



R^ 




NH 
OH 



•H,0 




Chapter 9. Quinolines and Isoquinolines 



377 



Detailed mechanistic studies by Fodor demonstrated the intermediacy of both 
imidoyl chlorides (6) and nitrilium salts (7) in Bischler-Napieralski reactions promoted 



by a variety of reagents such as PC1 5 , POCl 3 , and SOCl 2 ). For example, amide 1 reacts 
with POCI3 to afford imidoyl chloride 6. Upon heating, intermediate 6 is converted to 
nitrilium salt 7, which undergoes intramolecular electrophilic aromatic substitution to 
afford the dihydroisoquinoline 2. Fodor' s studies showed that the imidoyl chloride and 
nitrilium salt intermediates could be generated under mild conditions and characterized 
spectroscopically. 7-9 Fodor also found that the cyclization of the imidoyl chlorides is 
accelerated by the addition of Lewis acids (SnCU, ZnCl 2 ), which provides further 
evidence to support the intermediacy of nitrilium salts. 7-9 
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Side reactions consistent with decomposition of intermediate nitrilium salt 7 have 
also been observed, including retro-Ritter reactions that afford alkenes (8), and VonBraun 
reactions that provide alkyl chlorides (9). 7 ~ 9 
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In some instances the attack of the arene on the nitrilium salt occurs at the ipso 
carbon rather than the ortho carbon. 10 For example, the Bischler-Napieralski cyclization 
of phenethyl amide 10 affords a 2:1 mixture of regioisomeric products 11 and 12. The 
formation of 12 presumably results from attack of the ipso aromatic carbon on the 
nitrilium salt 13 followed by rearrangement of the spirocyclic carbocation 14 to afford 
15, which upon loss of a proton yields product 12. 10 
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Bischler-Napieralski reactions of N-acyl tryptamine derivatives 16 are believed to 
proceed via a related mechanism involving the initial formation of intermediate 
spiroindolenines (17) that rearrange to the observed 2-carboline products (18). The 
presence of these intermediates has been inferred by the observation of dimerized 
products that are presumably formed by the intermolecular trapping of the 
spiroindolenine by unreacted indole present in the reaction mixture. 
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9.1.4 Variations and Improvements 

In addition to P 2 5 and POCI3, which were originally utilized to effect the Bischler- 
Napieralski reaction, a number of other dehydrating reagents have been employed in 
these reactions. These reagents include PCI5, AICI3, SOCI2, ZnCh, AI2O3, POBr 3 , and 
SiCU. 2 Mixtures of trifluoromethanesulfonic anhydride (Tf20) and DMAP have been 
employed as a very mild means of effecting Bischler-Napieralski cyclizations, and 
provide higher yields of products than POCI3 in reactions of sensitive substrates. 13 A 
combination of A1C1 3 «6H 2 0/KI/H20/CH3CN has been utilized to effect Bischler- 
Napieralski reactions in hydrated media. 14 Triphosgene has also been employed in 
Bischler-Napieralski reactions of 2-phenyl-l-(N-methylformamido)naphthalenes. 15 

A common modification of the Bischler-Napieralski reaction involves reduction of 
the dihydroisoquinoline product 2 to provide a tetrahydroisoquinoline derivative 19. 2 ~ 5 A 
variety of different reducing agents have been employed, with NaBELt used with the 
greatest frequency. 2-5 In many cases the reduction is carried out on the crude product of 
the Bischler-Napieralski reaction; purification of the dihydroisoquinoline prior to 
reduction is usually not necessary. 
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One longstanding limitation of the Bischler-Napieralski reaction involves 
transformations of 1,2-diphenylethane derivatives, which frequently provide low yields 
of the desired 3-aryl isoquinoline derivatives due to a competing retro-Ritter reaction 
(e.g., 20— >21 below). 2 " 4 The substitution pattern of the aromatic groups was shown to 
have an impact on the product distribution, with the highest yields of 
dihydroisoquinolines observed when one aryl ring is electron-rich and the other electron- 
deficient. 16 Dominguez demonstrated that the retro-Ritter process could be minimized by 
conducting the reaction in a nitrile solvent RCN, in which the R group of the solvent was 
the same as the R group on the amide portion of the substrate. Although this variation 
of the reaction conditions led to substantially improved yields of 3-aryl isoquinolines 22, 
this approach is somewhat impractical due to the limited numbers of nitriles that are 
sufficiently inexpensive and readily available for use as solvent. 
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A more practical solution to this problem was reported by Larson, in which the 
amide substrate 20 was treated with oxalyl chloride to afford a 2-chlorooxazolidine-4,5- 
dione 23. 18 Reaction of this substrate with FeCU affords a reactive Af-acyl iminium ion 
intermediate 24, which undergoes an intramolecular electrophilic aromatic substitution 
reaction to provide 25. Deprotection of 25 with acidic methanol affords the desired 
dihydroisoquinoline products 22. This strategy avoids the problematic nitrilium ion 
intermediate, and provides generally good yields of 3-aryl dihydroisoquinolines. 
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An interesting synthesis of quinolizidines was achieved using a vinylogous variation 
of the Bischler-Napieralski reaction. Angelastro and coworkers reported that treatment of 
amide 26 with PPSE (polyphosphoric acid trimethylsilyl ester) followed by reductive 
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lactamization of product 28 afforded quinolizidine 29. 19 This reaction is believed to 
proceed through nitrilium ion intermediate 27 in a manner analogous to the Bischler- 
Napieralski reaction. 
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Phenethyl carbamate derivatives 30 have also been employed in Bischler- 
Napieralski reactions; 2-5 cyclization of these substrates affords 3,4-dihydroisoquinolones 
31. These reactions have been conducted using a variety of different promoters including 
PPA, 20 P0C1 3 , 21 and Tf 2 0. 13 Mixtures of P 2 5 and POCl 3 appear to afford the best results 



in some cases. 
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The adaptation of the Bischler-Napieralski reaction to solid-phase synthesis has been 
described independently by two different groups. 23 ' 24 Meutermans reported the 
transformation of Merrifield resin-bound phenylalanine derivatives 32 to 
dihydroisoquinolines 33 in the presence of POCI3. The products 34 were liberated from 
the support using mixtures of HF/p-cresol. 23 In contrast, Kunzer conducted solid-phase 
Bischler-Napieralski reactions on a 2-hydroxyethyl polystyrene support using the 
aromatic ring of the substrate 35 as a point of attachment to the resin. The cyclized 
products 36 were cleaved from the support by reaction with /-butylamine or n- 
pentylamine to afford 37. 
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One important variation of the Bischler-Napieralski reaction is the Pictet-Gams 
modification, in which p-hydroxy or -alkoxy phenethylamides 38 are converted to 
isoquinolines 39. 2-5 This transformation is covered in detail in section 9.12 of this text. 
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9.1.5 Synthetic Utility 

9.1.5.1 Effects of substitution on the aromatic ring 

As shown above in section 9.1.2, the mechanism of the Bischler-Napieralski reaction 
proceeds via an intramolecular electrophilic aromatic substitution reaction between an 
arene and a tethered nitrilium ion intermediate (generated in situ from an amide). Thus, 
the substituent effects observed in Bischler-Napieralski reactions parallel those observed 
in other electrophilic aromatic substitution processes. 2-5 Reactivity is typically increased 
by the presence of electron-donating groups on the aromatic ring, and decreased by the 
presence of electron-withdrawing groups. For example, reaction of dimethoxysubstituted 
1,2-diarylethylamide 40 with EPP (ethyl polyphosphate) afforded an 89% yield of the 
desired dihydroisoquinoline 41, whereas the reaction of substrate 42 that lacks the 
electron-donating substituents did not produce any dihydroisoquinoline product 43, 
providing instead a 77% yield of frans-stilbene. 16 The difference in yield between these 
two reactions can be ascribed to the relative rates of electrophilic aromatic substitution 
and competing retro-Ritter reaction; the more electron-rich arene undergoes substitution 
much faster than the less electron-rich derivative. 2-5 These electronic effects also 
influence the regioselectivity of the Bischler-Napieralski reaction in a manner similar to 
electrophilic aromatic substitution reactions; the substitution typically occurs at the 
carbon bearing the greatest amount of electron-density and the least amount of steric 
hindrance. 2-5 In the above example a single regioisomer is obtained; the o-substituted 
product is not observed. 
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40 R = 


= OMe 




42 R = 


= H 



toluene, reflux 




41 R = OMe 89% yield 
43 R = H 0% yield 
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9.1.5.2 Effect of substituents on the phenethyl chain 

Substitution on the phenethyl side chain of the substrate is usually well tolerated. For 
example, reaction of carbamate 44 with POCI3 afforded a 75% yield of the corresponding 
lactam 45. 25 However, in some instances substituents on the chain lead to low yields, 
such as in the reaction of amide 46, which provided only a 29% yield of the desired 
product 47 (albeit with 9:1 diastereoselectivity). 26 




Me0 2 C 



44 



POCU 



80 °C 




45 79% yield 




EPP 



toluene, reflux 




,Me 



47 29% yield 
9:1 dr 



Racemization has been reported to occur in some Bischler-Napieralski reactions of 
1 -substituted phenethylamides. 27 However, this racemization can be suppressed by 
conducting the reactions at lower temperatures (0 °C-rt). For example, the product 49 
obtained in reaction of 48 with P2O5 at 140 °C was found to be racemic, whereas the 
product obtained from a reaction conducted at room temperature retained optical 
activity. 27 



MeO. 
MeO 




48 



C0 2 Me 



HN^,Me 

T 
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POCI 3 



MeO 



CH 3 CN MeO 




C0 2 Me 
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140' 
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ce D 
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In most cases the nature of the substituent on the amide does not have a large impact 
on the reactivity or selectivity in Bischler-Napieralski reactions. 2-5 



9.1.5.3 Applications in natural product synthesis 

The Bischler-Napieralski reaction is one of the most widely used methods for the 
construction of dihydro- and tetrahydroisoquinoline units in the synthesis of alkaloid 
natural products. 2-5 A few representative examples of the Bischler-Napieralski reaction 
in complex alkaloid syntheses are shown below. 

Wender 28 and Aube 29 have independently described the use of the Bischler- 
Napieralski reaction in the synthesis of Yohimban alkaloids. Aube's approach involved 
the cyclization of indole 50 followed by reduction of the resulting dihydroisoquinoline 
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with NaBFU to afford 51 in 60% yield. 29 Wender's related Bischler-Napieralski 
reaction/NaBH4 reduction of related substrate 52 provided an 86% yield of 53. 



C0 2 Me 




1) POCI 3 



2) NaBH 4 




51 60% H 




C0 2 Me 



1) POCI3 



2) NaBH 4 




53 86% 



A related route to the protoberberine skeleton was reported by Lete, in which 
substrate 54 underwent Bischler-Napieralski reaction followed by intramolecular 
alkylation of an in situ generated alkyl chloride to afford 55. 30 




OTBDPS 
NHCOCH3 

OMe 
OMe 



PCIs 



CH 3 CN 




OMe 



OMe 



The Bischler-Napieralski reaction was employed by Bonjoch in the synthesis of 
melinonine-E and strychnoxanthine. 31 The preparation of polycyclic compound 57 was 
achieved in 53% yield by treating 56 with POCI3 followed by reduction of the 
dihydroisoquinoline with NaBHt. 
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H 
56 



N.^ H 



1)POCI 3 




2) NaBH 4 



CN 




57 53% 
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MeO 



„OCHO 




1)POCI 3 



2) NaBH 4 



MeO 




59 68% 



Martin has achieved the synthesis of lycoramine (59) via a Bischler-Napieralski 



cyclization of 58 in the final step of the synthesis. Treatment of 58 with POCI3 followed 
by NaBEU provided the natural product 59 in 68% yield. 



9.1.6 Experimental 



MeO 




POClo 



C0 2 Me 



P?0 : 



£~>b 



60 



MeO 




N-Benzyl-6-methoxy-3,4-dihydroisoquinolone(61) 22 

To a solution of 60 (2.0 g, 6.7 mmol) in POCI3 was added P 2 5 (2.0 g, 13.5 mmol). The 
mixture was heated to reflux for 2 h, then cooled to rt. Excess POCI3 was evaporated, and 
the residue was poured into ice water. The mixture was neutralized with Na2CC>3 and 
extracted with ethyl acetate. The combined organic extracts were dried over anhydrous 
MgSCU, filtered, and concentrated in vacuo. The crude product was purified by flash 
chromatography on silica gel (hexane/ether, 3:1) to afford 1.50 g (86%) of the title 
compound as a white solid, mp 103-105 °C. *H NMR (CDC1 3 , 400 MHz) 8 8.14 (d, J = 
8.5 Hz, 1 H), 7.38-7.30 (m, 5 H), 6.90 (dd, J = 2.5, 8.5 Hz, 1 H), 6.69 (d, J = 2.5 Hz, 1 
H), 4.82 (s, 2 H), 3.88 (s, 3 H), 3.51 (t, J = 6.5 Hz, 2 H), 2.94 (t, J = 6.5 Hz, 2 H). 



L Q ^^ HN^O 



62 



MeO 




POCl 3 



toluene 
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OMe 



OMe 



OMe 



6-(3,4,5-Trimethoxyphenyl)-2,3,8,9-tetrahydro-[l,4]dioxino[2,3-^]isoquinoline(63) 33 

POCI3 was added to a solution of amide 62 (0.075g, 0.02 mmol) in toluene (5 mL). The 
reaction mixture was heated to 110 °C with stirring for 5 h, then cooled to rt. A solution 
of 2 N NaOH (10 mL) was added and the mixture was extracted with ether (3 x 15 mL). 
The combined organic extracts were dried over anhydrous sodium sulfate, filtered, and 
concentrated in vacuo. The crude product was then purified by flash chromatography on 
silica gel (40% Ethyl acetate/hexanes) to afford the 68 mg (95%) of the title compound as 
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a colorless oil. 'H NMR (CDC1 3 , 200 MHz) 8 6.88 (s, 1 H), 6.76 (s, 1 H), 6.73 (s, 2 H), 
4.19 (m, 4 H), 3.80 (s, 9 H), 3.70 (m, 2 H), 2.61 (t, / = 6.0 Hz, 2 H). 
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9.2 Camps Quinolinol Synthesis 1 

9.2.1 Description 

The Camps quinoline synthesis entails the base catalyzed intramolecular condensation of 
a 2-acetamido acetophenone (1) to a 2-(and possibly 3)-substituted-quinolin-4-ol (2), a 4- 
(and possibly 3)-substituted-quinolin-2-ol (3), or a mixture. 




9.2.2 Historical Perspective 

Knorr showed that aniline could be condensed with ethylacetoacetate when heated to 
provide the acetoanilide (6). Conrad and Limpach established that further heating 




O O 



NH 2 EtO' 
4 5 



KA. 



150 °C 




NH 2 EtO 
4 5 



O O 




260 °C 



260 °C | 




furnishes quinolin-2-ol 7. Under different conditions, aniline is condensed with 
ethylacetoacetate to provide enamine 8, and further heating provides quinolin-4-ol 9. 
Camps isolated both 7 and 9 when he heated o-acetamidoacetophenone (10) to 104 °C in 
aqueous sodium hydroxide. 2 



O 

H 
10 



104 °C 




N OH 



(69% yield) 




(20% yield) 



9.2.3 Mechanism 

Little work has been done to confirm the mechanism of the Camps reaction. The 
presumed mechanism is shown. Deprotonation a to the ketone portion 1 (11) followed 
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by condensation with the amide furnishes 2. 3 Alternatively, deprotonation a to the amide 
followed by condensation with the ketone results in the quinolin-2-ol (3). 




•^ 



' NH 

cA- R2 




rVV 1 



^ N ^ R2 ^ n 4- r2 

H O 



11 



H OH 



12 






9.2.4 Variations and Improvements 

A general method for making Camps precursors has been developed. 4 Treatment of an 
anthranilic acid 15 with an acid anhydride or chloride in the usual way 5 results in the 
corresponding benzoxazinone (16). Subsequent treatment with the dianion of an N- 
substituted acetamide furnishes P-keto amide 17. The reactions were run with crude 16, 
yields typically 50-80% overall. The effect of substituents on the reaction has not been 
extensively investigated. 



-a 
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NHR 3 
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OH O 
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9.2.5 Synthetic Utility 

As one might expect, most of the reported cases of Camps quinoline syntheses involve 
reactions in which only one of the carbonyl groups is enolizable, thus eliminating the 
regioselectivity problem. 

The Camps reaction has been used to prepare a variety of anti-ulcer agents of the 
type 23. 6 As can be seen from the yields, the reaction works equally well with electron 
donating and withdrawing aromatic rings. 7 
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An interesting use of the Camps quinoline synthesis is in the ring contraction of 
macrocycles. 8 Treatment of 9 member ring 24 with sodium hydroxide in water furnished 
quinolin-4-ol 25, while 26 furnishes exclusively quinolin-2-ol 27 under the same reaction 
conditions (no yield was given for either reaction). The reaction does not work with 
smaller macrocycles. The authors rationalize the difference in reactivity based upon 
ground state conformation differences, but do not elaborate. 
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H 2 
cold 



NaOH 

H 2 
cold 
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The isomeric ring contraction was applied to the synthesis of analogs of 
amsacrine. 9 As expected, ring contraction of 9-member ring 28 under the influence of 
sodium hydroxide provides cyclopentyl analog 29 in 90% yield. 




NaOH 



H 2 
(90% yield) 




29 



9.2.6 Experimental 9 
2,4-Dimethyl-ll/T-l,5-diazabenzo[6]fluoren-10-ol (29) 

A suspension of 28 (lg, 3.6 mmol) in 2N NaOH (53 mL) was stirred for 4 hours. The 
mixture was neutralized with con HC1 (10.2 mL). The product was filtered, washed with 
water, and dried at room temperature to provide 29 as white crystals (849 mg, 90% 
yield). 
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9.3 Combes Quinoline Synthesis 

9.3.1 Description 

The Combes reaction is a sequence of the following reactions: (a) condensation of an 
arylamine 1 with a 1,3-diketone, keto-aldehyde or dialdehyde 2 providing enamine 3, and 
(b) cyclodehydration to provide quinoline 4. 



F^CO R 2 
f?2 heat ^^s, V acic l. heat 



^NH 2 g J " H 2° k ^N A R 3 



-H 2 



2 

Ri, R 2 , R3 = H, alkyl or aryl 




The first condensation has been conducted selectively on a variety of 1,3- 
diketones, 1,3-dialdehydes and P-keto-aldehydes. The first step works well on most 
simple anilines even when sterically congested and is mostly affected by basicity. The 
cyclodehydration step is affected by Friedel-Crafts type directing affects within the ring. 
Strong electron-withdrawing groups (EWG, i.e., nitro groups) attached to the aniline do 
not prohibit enamine formation, but do prohibit cyclodehydration. In cases in which 
keto-aldehydes are used, rearrangements have been reported to occur in the cyclization 
step. 

9.3.2 Historical Perspective 

In 1888, Combes described 1 condensation of 2,4-pentadione (acetylacetone) 5 with 
aniline 1 to provide enamine 6. Subsequent warming in sulfuric acid provided quinoline 
7. An excellent study describing scope and limitations of the Combes reaction was 
published in 1928 by Roberts and Turner. 2 The authors noted that the ease of 

heat ^^ \ H 2 S0 4 , 




MH * YY -^ WA "i= 

NH 2 



N 

H -H 2 



1 5 




condensation was affected mostly by the basicity of the aniline and not sterics. It was 
also noted that strongly ortho-, para- directing groups located meta- to the nitrogen, 
facilitated cylclodehydration providing the quinoline. In these cases, the major product 
(if not exclusive) was reported to be the 7-substituted quinoline. In the absence of other 
groups, strongly ortho-, para- directing groups located para- to the nitrogen impeded the 
cyclodehydration step. The majority of the early reports used sulfuric acid to promote the 
cyclization. In 1927 Fawcett and Robinson 3 reported the use of ZnCk, HCl/AcOH, P2O5 
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or POCI3 as well as H2SO4 to promote some difficult cyclizations. The cyclodehydration 
failed when 4-A L acetylanilide 12 was tried. 




Ph 



rv 



Ph D140°C 



O O 2) ZnCI 2 , 
175 °C 




NH 2 Ph 



H 2 N ^ N Ph 




10 11 

1:1 isomeric mixture 




9.3.3 Mechanism 

The rationale for the predominance of linear cyclization products versus angular 
cyclization products has been accepted as qualitative. 4 The mechanism of the Combes 
reaction has been argued. 5 It was initially proposed that cyclization to linear products 
was due to initial protonation of a more reactive site on the aromatic ring (1-position of 
13 corrresponding to the 10-position of 15) thus, blocking cyclization to angular 
products. Born 6 showed this not to be the case for the cyclization of 2-naphthyl amino-2- 
penten-4-one. No 10-deutero material was observed. 




O D 2 S0 4 




D 2 S0 4 




Condensation of an aniline with a dione with loss of water provides enamine 16. 
Ketone protonation and cyclization forms 18 followed by loss of water provides 
quinoline 4. Some have suggested the formation of dication 19 as a requirement to 
cyclization. 5 Cyclization of 19 to 20 and subsequent conversion to quinoline 4 requires 
loss of water and acid. Another rendering of the mechanism takes into account 
participation of an electron-donating group (EDG), which stabilizes intermediate 21. 
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9.3.4 Variations and Improvements 
9.3.4.1 Use of 3-keto-aldehydes 

Petrow described the formation of fi-iminoketones from 3-keto-aldehydes and aniline. 
Cyclization in the presence of aniline hydrochloride and ZnCh smoothly provides the 
desired quinoline 26. Bis-imine 24 is the proposed intermediate that undergoes 
cyclization. The aldimine is more reactive than the ketimine toward cyclization; thus, 
cyclization on the aldimine occurs. When the bis-imine is not formed, partial aniline 
migration can occur which results in mixtures of cyclized products. 
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Tilak and co-workers subsequently reported the application of this methodology 
to prepare similar compounds. In this work, Tilak also described an extension of this 



Chapter 9. Quinolines and Isoquinolines 



393 



method using lactic acid to release the aniline comprising the aldimine, which led to 28. 
Enamine 28 would then undergo cyclization to give rearranged product 29a (not from 
direct cyclization of 27 forming 29b). When the traditional Petrow conditions were 
employed, mixtures were reported. 




Conditions were also arrived at whereby one could obtain without rearrangement 
the cyclization product 31 from enamino-ketone 30. 9 



30 



PPA, 90 °C 



70% 




31 



9.3.4.2 Use of 1,3-dialdehydes 

Uhle and Jacobs were first to utilize 2-cyano- and 2-nitromalonaldehyde (33) 10 as 3- 
carbon components in the Combes reaction and elegantly applied this to the preparation 
of compounds relating to ergot alkaloids. Morley and Simpson 11 performed a short study 
on the cyclization using 33 as a 3-carbon building block for the preparation of 3- 
nitroquinolines. In this work, the importance of having aniline hydrochloride in the 
reaction media was demonstrated. The condensation of /?-toluidine with 33 provides 34. 
Cyclization using AcOH at reflux provided 3-nitroquinoline 36 in good yield. 
Cyclization failed when nitro substituents were attached to the anil. 
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9.3.4.3 Conditions for enamine formation and various acids used in the 
cyclodehydration step 

The first step of the Combes reaction has been reported to occur by merely mixing an 
aniline and diketone in an alcoholic solvent, or neat, with slight warming. Dilute aqueous 
acid (2 M HC1), AcOH, ZnCl 2 as well as CaCl 2 , 12 or other types of drying agents have 
been used to promote the first step. 

Many acids other than sulfuric acid have been used for the challenging 
cyclodehydration step. It is important to note that when the concentration of sulfuric acid 
is below 70%, hydrolysis of the imine or enamine occurs. 13 As previously mentioned, 
HCl/AcOH, ZnCh, PPA, POCl 3 , and lactic acid have been successfully applied to 
promote the cyclization. Chloroacetic acid was found to perform similar to lactic acid. 9 
Concentrated HC1, 14 p-TsOH, 15 and HF 16 ' 17 have proven beneficial in generating linear 
products. Johnson and co-workers contrasted cyclization reactions of 2-naphthyl-amino- 
2-penten-4-one 37 promoted by ZnCl 2 and HF. They found that ZnCl 2 provided angular 
product 39 while HF gave rise to linear product 40. Sulfuric acid was also used and gave 
sulfate salts of the linear product. 




COMe 



NH 2 HCI 



Anhydrous HF 

^- 

sealed bomb 

steam bath 

96% 




9.3.4.4 Substitution effects on the selectivity of cyclization 

Previously mentioned was the importance of directing substituents of the anil in 
expediting cyclization and that when powerful EWGs are present, cyclization might be 
inhibited entirely. A study was conducted to consider the steric influence of methyl 
substituents on the anil and their effect on the cyclization. 18 It was proposed that a 
methyl group on the anil had a profound effect on the site of cyclization. For example, 
while 42 was isolated in only 22% yield, the other isomer 43 was not observed. This 
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work also confirmed the work by Roberts and Turner who claimed that reaction of m-Cl- 
aniline with acetylacetone followed by H2SO4 promoted cyclization of 44 provided only 
7-chloro-2,4-dimethyl quinoline 45. 

These effects are not entirely understood because cyclizations forming 5,8- 
dimethyl quinolines are not problematic as shown below by the conversion of 46 into 47. 




COMe H 2 S0 4 



80% 




9 3.4.5 Selectivity of cyclizations of unsymmetrical diones 

We have previously discussed that keto-aldehydes react with anilines first at the aldehyde 
carbon to form the aldimine. Subsequent condensation with another aniline formed a bis- 
imine or enamino-imine. The aniline of the ketimine normally cyclizes on the aldimine 
(24 — ► 26). Conversely, cyclization of the aldimine could be forced with minimal aniline 
migration to the ketimine using PPA (30 — » 31). The use of unsymmetrical ketones has 
not been thoroughly explored; a few examples are cited below. One-pot enamine 
formation and cyclization occurred when aniline 48 was reacted with dione 49 in the 
presence of catalytic p-TsOH and heat. Imine formation occurred at the less-hindered 
ketone, and cyclization with attack on the reactive carbonyl was preferred. 15 
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Pn 220 °C, neat 
38% 



49 
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Analogous to the selectivity observed for the conversion of 48 into 50, pyridyl 51 
formed enamine 52 which underwent cyclization to give 4-pyridyl-substituted quinoline 
53. Again, imine formation first occurs on the less hindered ketone and subsequent 
cyclization on the more reactive carbonyl occurred in high yield. 19 



O O 



51 



AcOH 
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Imine preparation from a tricarbonyl system followed by PPA promoted 



cyclization was reported to provide quinoline 55 in excellent yield, 
failed when the corresponding aldimine was used. 



20 



This cyclization 




PPA 



92% 




9.3.4.6 Selectivity of cyclizations with some heterocycles 

The Combes reaction has been applied to the preparation of carbazoles related to 
ellipticine. In that case, the imine was not formed separately nor purified yet the desired 

21 

product 57 was isolated in 35%. 



MeO. 




MeO 




Imine formation by reaction of aniline 58 and dione 49 under thermal conditions 
gave a mixture of imines. Cyclodehydration using PPA gave nearly a 1:1 mixture of 
isomers 59 and 60. These authors attempted thermal cyclization conditions (similar to 
Gould- Jacobs type conditions) to affect cyclization of this mixture and failed. Also, these 
authors reported difficulty in the clean formation of the imine. They observed large 
amounts of the Af-acetyl compound presumably coming from fragmentation of the imine 
at the reported temperature. 22 
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9.3.5 Experimental 
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Preparation of 2,4-DiethyIquinoline (63) 

A mixture of 3,5-heptanedione (61, 14.1 g, 0.11 mol) and freshly distilled aniline (1, 9.3 
g, 0.1 mol) was boiled under gentle reflux for 1.5 hrs. and allowed to cool. Distilled 
water (50 mL) was added and the product was extracted with benzene and dried over 
anhydrous magnesium sulphate. Removal of the solvent left anil 62, 16 g, 81% yield, as 
a yellow oil which was used directly in the next stage without further purification. 

Sulfuric acid (cone, 90 mL) was cooled to below 5 °C and anil (16 g) was added in 1 mL 
portions over a period of 15 min. The solution was then heated on the water bath for an 
additional 30 min. After cooling, the reaction mixture was made alkaline with solid 
NaOH and the product was extracted with ether and dried over anhydrous MgSC>4. 
Removal of the solvent left 2,4-diethylquinoline (63), 8.7 g, 47% yield as a pale yellow 
liquid, bp. 286-287 °C/760 mmHg, lit. bp. 282.8-284.8 °C. Anal. Calcd for Ci 3 H ]5 N: 
C, 84.3; H, 8.2; N, 7.6. M: 185.3. Found: C, 84.1; H, 8.3; N, 7.8. 
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9.4 Conrad-Limpach Reaction 

9.4.1 Description 

The Conrad-Limpach reaction is a sequence of the following reactions: (a) condensation 
of an arylamine 1 with the ketone or aldehyde of a 3-ketoester or a-formylester 2 
providing enamine 3, and (b) cyclization with loss of alcohol to yield 4-hydroxy- 
quinoline 4. 



9 inert solvent 



NH2 || || acid (cat.) ^x, R2xv^v nR and heat 

S I 3 -H 2 ^A- N >v Ri _ R3 oh 




12 

1 2 

R-i, R 2 = H, alkyloraryl 
R 3 = alkyl 




The first condensation is conducted selectively on a variety of P-ketoesters and a- 
formylesters. The first step works well on most simple anilines even when sterically 
congested and is mostly affected by basicity. Formation of intermediate 3 is problematic 
when strong electron-withdrawing groups (EWG) are attached to the aniline (e.g., nitro). 
The cyclization step is promoted thermally in inert solvents as well as using acidic 
solvents at elevated temperature. When there exists an opportunity to form isomers on 
cyclization (e.g., m-substituted anilines) a mixture of the 5- and 7-substituted quinolines 
usually results. 

9.4.2 Historical Perspective 

In 1887, Conrad and Limpach described 1 the condensation of ethyl acetoacetate 5 with 
aniline 1 to provide enamine 6. Subsequent warming of the mixture provided quinoline 
7. Limpach reported several years later that the yield of the cyclization step was 
improved when an inert solvent (e.g., mineral oil) was employed. While the cyclization 
step was normally quite facile at 240-280 °C, the physical properties and the methods 
described for the preparation of enamino-esters were inconsistent. 

NH, O O 

A A 





These early contradictions were eventually resolved and led to the correction by 
Knorr 2 of his initially proposed structure. While Conrad and Limpach described the 
reaction of aniline 1 with ethyl acetoacetate 5 which ultimately yielded 4-hydroxy-2- 
methylquinoline (7) via initial reaction of the amine with the ketone, Knorr described 
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reaction of the same components, yet the first condensation occurred at the ester. 
Subsequent acid-promoted cyclization (e.g., Combes) provided 4-methyl-2-quinolone 
(9). 2,3 ' 4 Aiding the confusion was the observation that anilide 8 and enamino-ester 6 
could interconvert under appropriate reaction conditions. A study was conducted by 
Hauser and Reynolds 5 determining important factors for formation of either 6 or 8. 
Heating 1 and 5 at high temperature (130-140 °C) usually provided the anilide (ie., 8) 
unless the alcohol ejected had low volatility (e.g., n-amyl alcohol). Alternatively, 
reaction of 1 and 5 with catalytic acid in an alcohol in the presence or absence of a drying 
agent (e.g., CaSO^ at room temperature or with warming were favorable conditions to 
form the desired enamino-ester for use in the Conrad-Limpach reaction. 



a" -u- 



rt or 
acid (cat. 




140-160 °C | 



9.4.3 Mechanism 

The proposed mechanism for the Conrad-Limpach reaction is shown below. 
Condensation of an aniline with a 3-keto-ester (i.e., ethyl acetoacetate 5) with loss of 
water provides enamino-ester 6. Enolization furnishes 10 which undergoes thermal 
cyclization, analogous to the Gould-Jacobs reaction, via 6rc electrocyclization to yield 
intermediate 11. Compound 11 suffers loss of alcohol followed by tautomerization to 
give 4-hydroxy-2-methylquinoline 7. An alternative to the proposed formation of 10 is 
ejection of alcohol from 6 furnishing ketene 13, which then undergoes 6n 
electrocyclization to provide 12. 
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O 



oj^ - o& 



electrocyclization 

671 



13 



9.4.4 Variations and Improvements 

9.4.4.1 General: Conditions for each step and selectivity of m-substituted anilines 

As previously mentioned, Hauser and Reynolds 5 reported on factors governing the first 
step of the Conrad-Limpach reaction but they were by no means exhaustive. Other than 
the conditions reported above for the first step, HCl/MeOH, 6 CHC1 3 or CHC1 2 (neat or 
with acid catalyst), 7 PhMe or PhH with removal of water with or without acid catalyst, 8 ' 9 
or EtOH/AcOH/CaS0 4 10 were reported to provide the desired enamino-ester from an aryl 
amine and p-keto-ester. Hauser and Reynolds also noted that o-nitroaniline and o-nitro- 
p-methoxyaniline failed to form the desired enamino-ester under conditions which they 
reported. 

The cyclization step has been reported to work well in triglyme, 11 mineral oil, 
paraffin, Dowtherm A™, Ph 2 or polyphosphoic acid (PPA). PPA has been used to 
promote the entire reaction in a single process (vide infra). 

The selectivity of the cyclization using enamino-esters 18-20 derived from m- 
halogenated anilines 14-16, provided mixtures of 5- and 7-substituted quinolines. 12 ' 13 In 
all of these cases, the cyclization gave either equal amounts of the 5- and 7- isomers or in 
the case of m-iodoaniline, about a 1:2 ratio was observed. During the time of these 
publications, it was the desire of the authors to obtain the 7-substituted quinolines, which 
were potential drugs for the treatment of malaria. 
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NHo 



14, X = CI 
15,X = Br 
16, X = l 



\X0 2 Et 



Et0 2 C^O 
17 



CH2CI2, 

». 

reflux x 

or rt, HCI (cat) 




C0 2 Et 



"C0 2 Et 



18, X = CI, 78-88% 

19, X = Br, 78-88% 

20, X = I, 78-90% 



Ph 2 0, 
Dowtherm A 

* 

or mineral oil 
240-260 °C 




N "C0 2 Et 



21, X = CI, 47% 

22, X = Br, 45% 

23, X = I, 32% 




C0 2 Et 



24, X = CI, 50% 

25, X = Br, 53% 

26, X = I, 60% 



Lisk and Stacy reported 14 a dependence of concentration on the formation of the 
isomers. Under concentrated conditions (2 parts Dowtherm A to 1 part enamino-ester) 
the 5-isomer was almost formed exclusively, while under dilute conditions (30:1), the 7- 
isomer predominated. 

Another improvement was reported by Leonard et al. in their preparation of a 
promising antimalarial, Endochin. The improvement was the alkylation of intermediate 
enamino-ester 28 by reaction with NaOEt followed by alkylation with an alkyl bromide, 
rather than forming 29 by reaction of 27 and a suitable P-keto-ester. This provided the 
important intermediate 29 required for cyclization to Endochin (30). Endochin was first 
reported by German scientists but was not publicly disclosed until the Department of 
Commerce made this information available after World War II. 15 Leonard was able to 
improve upon the chemistry reported by Andersag and Salzer in 1940 and isolated 
Endochin in 40% overall yield from m-anisidine (27). 



MeO 




27 



dilute HCI (cat.) 



NH 2 O Me0 ' ^" ~N 

/ii^C0 2 Et 28 




C0 2 Et Et2 o, NaOEt 



CH 3 (CH 2 ) 6 Br 



MeO' 




Et0 2 C (CH 2 ) 6 CH 3 ph20> re f| ux 



29 




(CH 2 )6CH3 



40% yield overall MeO ^-^ N 

Endochin, 30 



9.4.4.2 Use of acetylene dicarboxylate and of-formyl ester 

Aryl amine 31 was found to react readily with acetylene dicarboxylate 32 to yield 
fumarate 33. 16 Several similar reactions were reported and found to be general. The 
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authors reported that a single olefinic isomer was observed by 'H NMR for the enamino- 
esters. Cyclization of 33 then provided the desired quinolone 34 in good yield. As 
previously observed, use of 3- or 3, 4-di substituted anilines, gave mixtures of products. 




C0 2 Me 



MeOH 



reflux 
C0 2 Me 55% 

32 




CI 



C0 2 Me Ph 2 0, 



„.^*<„^ .. reflux 
H C ° 2Me 68% 



33 



9 F 3 9 




C0 2 Me 



More importantly, Peet and coworkers 17 reported the reaction of o-nitroaniline 35 
with acetylene dicarboxylate 32 to provide fumarate 36. Subsequent cyclization proved 
difficult under thermal conditions and only a 35% yield of quinolone 37 was isolated. 
Use of PPA for the cyclization improved the yield of 37 significantly. Using this 
modification allowed enamino-ester formation with a nitro-group attached to the 
arylamine. 




C0 2 Me 



MeOH 



reflux 
C0 2 Me 76% 
32 



N0 2 H 



36 



C0 2 Me ppA| 120 °C 
C0 2 Me 



68% 




C0 2 Me 



18 



Reactions using 2-formyl esters have also been reported. The anilines reacted 
smoothly with 40 to give 41 which was cyclized without purification to give the desired 
quinolines 42 and 43 in 50 and 37% overall yield, respectively. 




R ^ NH 2 

38, R = H 

39, R = CI 



neat, rt 



Ph v ~C0 2 Et R 



XXX 



Pn C0 2 Et Dowtherm A 



HO' 



J 



40 



41 




42, R = H, 50% 

43, R = CI, 37% 



9.4.4.3 3-Heteroatom substituted keto-esters 



Brassard applied the Conrad-Limpach reaction as an approach to the A-B ring system 
of Phomazarin. While the overall yield was only 23%, he showed that a methoxy group 
was an acceptable substituent on enamino-ester 46 and for the subsequent cyclization to 
quinolone 47. 
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Kemp 6 utilized a very similar oxo-diester 49. Not only was this ketone reactive 
enough to form an enamine using p-nitroaniline 48, but 49 underwent bis-addition of 
aniline 48, providing 50 in 64% yield. Intermediate 50 smoothly cyclized to provide 
quinolone 51 which was utilized to prepare a diacylaminoepindolidione, a template to 
study the folding of P-pleated sheets. 




HO^XOzMe 
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HCI, MeOH 
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9.4.4.4 Reactions with heterocyclic compounds and formation of heterocycles 

Various heterocyclic compounds have been used as substrates for the Conrad-Limpach 
reaction. Amino-isoquinoline 52 was converted into 54 in 36% overall yield. 20 




52 



CHCI 3 , 
HCI (cat.) 

~~ O "" N 

/^C0 2 Et 

5 60% 




Ph 2 0, 
C0 2 Et re f| ux 



60% 




53 



54 



The Conrad-Limpach reaction has been applied as a key step in the formation of 
pyrido[4,3-b]quinoline. Condensation of 3 different anilines 55 (R = H, Br, OMe) with 
keto-ester 56 provided the enamino-esters 57 in acceptable yields. Cyclization gave the 
desired quinolones 58 in good to moderate yield. 21 
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55 
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Reaction of 2-aminopyridine 59 with P-keto-ester 60 in PPA provided pyrido- 
pyrimidine 61 in poor yield. Interestingly, upon heating isolated 61, rearrangement 
occurred to provide napthyridone 62 in good yield. 22 
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N-acetyl groups attached to the aniline have been shown to withstand the 
Conrad-Limpach reaction. Phenols and alcohols also survived unless in proximity to a 
reactive center. Jaroszewski 23 reported the formation of 64 by reaction of aniline 63 with 
ethyl acetoacetate (5). Cyclization under thermal conditions in paraffin gave a mixture of 
quinolone 65 and quinoline 66. 




MeOH, 
O AcOH (cat.) 

+ /K^co 2 e\ - 

NH 2 CaS0 4 





C0 2 Et paraffin 



255 °C 



66, 22% 
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Although phenols have not participated in the Conrad-Limpach reaction under 
certain conditions thiophenols were not as innocent. Lee and coworkers 24 reported 
mixtures of thiochromenones and quinolones from reactions of amino-thiophenols with 
ethyl benzoyl acetate. Amino-thiophenol 67 reacted with ethyl benzoylacetate 68 in PPA 
to give a mixture of thiochromenone 70 and quinolone 69 in which the quinolone 
predominated. 
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Preparation of 2-Methyl-4-Hydroxyquinoline (7) 

In a 1-L rbf attached to a Dean-Stark trap, equipped with a reflux condenser is placed 
distilled aniline (1, 46.5 g, 45.5 mL, 0.5 mol), commercially available ethyl acetoacetate 
(5, 65 g, 63.5 mL, 0.5 mol), benzene (100 mL) and glacial AcOH (1 mL). The flask is 
heated at about 125 °C, and the water which distills out of the mixture with the refluxing 
benzene is removed at intervals. Refluxing is continued until no more water separates (9 
mL collects in about 3 hrs) and then for an additional 30 min. The benzene is then 
distilled under reduced pressure, and the residue is transferred to a 125 mL modified 
Claisen flask with an insulated column. The flask is heated in an oil or metal bath 
maintained at a temperature not higher than 120 °C while the forerun of 1 and 5 is 
removed and at 140-160 °C the product distills giving 78-82 g, 76-80% yield of 6. 

Dowtherm A™ (150 mL) was placed in a 500 mL 3-necked, rbf equipped with a dropping 
funnel, a sealed mechanical stirrer, and an air condenser. The solvent was stirred and 
heated at reflux while enamino-ester 6 (65 g, 0.32 mol) was added rapidly through the 
dropping funnel. Stirring and refluxing continued for 10-15 min after the addition was 
completed. The ethanol formed in the condensation reaction may be allowed to escape 
from the condenser through a tube leading to a drain, or it may be collected by attaching a 
water-cooled condenser. The mixture is allowed to cool to rt, at which stage a yellow 
solid separates. Approximately 200 mL of petroleum ether (60-70 °C) is added; the solid 
is collected on a filter and washed with petroleum ether (100 mL). The crude product 
was recrystallized from boiling water with Darco or Norit (10 g) to give 43-46 g, 
85-90% yield of 7 as white needles. 
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9.6 Doebner Quinoline Synthesis 1 

9.5.1 Description 

The Doebner reaction is a three component coupling of an aniline (1), pyruvic acid (2), 
and an aldehyde (3) to provide a 4-carboxyl quinoline (4). That product can be 
decarboxylated to furnish quinoline 5. 




9.5.2 Historical Perspective 

In 1883, Bottinger described the reaction of aniline and pyruvic acid to yield a 
methylquinolinecarboxylic acid. 2 He found that the compound decarboxylated and 
resulted in a methylquinoline, but made no effort to determine the position of either the 
carboxylic acid or methyl group. Four years later, Doebner established the first product 
as 2-methylquinoline-4-carboxylic acid (8) and the second product as 2- methylquinoline 
(9). 3 Under the reaction conditions (refluxing ethanol), pyruvic acid partially 
decarboxylates to provide the required acetaldehyde in situ. By adding other aldehydes at 
the beginning of the reaction, Doebner found he was able to synthesize a variety of 2- 
substituted quinolines. While the Doebner reaction is most commonly associated with 
the preparation of 2-aryl quinolines, in this primary communication Doebner reported the 
successful use of several alkyl aldehydes in the quinoline synthesis. 



C0 2 H 




OH - CQ 2. X H 



O 
2 



Doebner also found that under certain conditions (specifically cold ether), the 
result of the three-component coupling was not the quinoline but diketopyrrolidine 10. 4 




NH 2 HO 
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9.5.3 Mechanism 

A possible mechanism is shown. Condensation of 6 and 3 provides 11, which can be 
attacked by the enol of 2 (12) to provide 13. Intramolecular condensation yields 16, 
which is then oxidized to 17. A common variant of the Doebner reaction involves first 
reaction of the aniline and aldehyde and subsequent addition of the pyruvic acid. 5 Keto 
acid 13 is also a potential intermediate in the formation of 10. 



C0 2 H 




Alternatively, the pyruvic acid can first condense with the aldehyde. Addition of 
the aniline to the f3-position of 18 provides the same intermediate (13), as above. The 
mechanism could be substrate dependent. 



C0 2 H 



C0 2 H 




The mechanism of oxidation (16 — * 17) is not well understood. Both 
tetrahydroquinoline (19) 6 and JV-alkylaniline (20) 7 have been isolated from reaction 



C0 2 H 



N 
H 
20 




N 
H 
19 




s? 



mixtures, implying hydrogen transfer. Addition of oxidants such as nitrobenzene has not 
resulted in improved yields. 8 Quinoline (23) has reportedly been isolated in 95% yield, 




BOH, A MeO. 



N0 2 



(95% yield) 
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implying an oxidant other than an intermediate, 
typically < 50%, however. 



Yields of the Doebner reaction are 



9.5.4 Variations and Improvements 

The electronic properties of the aniline are important in the Doebner reaction. The 
reaction works best with electronic donating groups. Anilines substituted with a chlorine 
at the meta position consistently give low yields, 5 but fluorine at the meta position seems 



to provide the quinoline smoothly. The reaction can be regioselective; reaction of 
aniline 24 provides quinoline 26 



li 



C0 2 H 



CI C0 2 H 




26 

(35% yield) 

Both aromatic and aliphatic acids work, though aromatic aldehydes are far more 
common. Increasing electron density of the aromatic aldehyde lowers the yield. 12 
Formaldehyde can also be used. 13 

Few examples with oc-keto acids other than pyruvic acid have been reported. 
Typically, the yields with alternate acids are quite poor. When using pyruvic acid, the 
reaction gives higher yields of the desired product when freshly distilled pyruvic acid is 
used. 5 



9.5.5 Synthetic Utility 

The Doebner reaction can provide the 4-carboxyl quinoline when the Pfitzinger reaction 
does not. 14 Pfiztinger reaction of pinnacolone with isatin did not provide the desired 
quinoline. Doebner reaction of aniline with acetaldehyde and pyruvic acid did furnish the 
quinoline, albeit in only 8% yield. 



28 29 

C0 2 H 

NH 2 O 

6 2 29 




CQ 2 H 




30 

(8% yield) 
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9.5.6 Experimental 15 





Preparation of 8-Methyl-2-phenyl-quinoline-4-carboxyIic acid (32) 
A solution of o-toluidine (28g, 260 mmol) in ethanol (50 raL) was added to a solution of 
pyruvic acid (33g, 380 mmol) and benzaldehyde (28g, 260 mmol) in ethanol (100 mL). 
The mixture was heated to reflux for 3 h and allowed to cool overnight. The resulting 
solid was collected by filtration, washed with ethanol, washed with benzene, and dried to 
give 32 (13.4g, 20% yield). 
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9.6 Friedlander Quinoline Synthesis 1 

9.6.1 Description 

The Friedlander quinoline synthesis combines an oc-amino aldehyde or ketone (1) with 
another aldehyde or ketone with at least one methylene a to the carbonyl (2) to furnish a 
substituted quinoline. The reaction can be promoted by acid, base, or heat. 




9.6.2 Historical Perspective 

Friedlander reported the condensation of 2-aminobenzaldehyde (4) with acetaldehyde (5) 
to provide quinoline (6) in 1882. 2 

*0 Me Na0H 

NH 2 o^H 





Interestingly, the first report of a reaction of this type was reported by Fischer and 
Rudolph earlier the same year Friedlander reported his quinoline synthesis. Heating of 
acetylaniline (7) in the presence of zinc chloride promotes acyl migration to furnish 2- 
aminoacetophenone (8) and 4-aminoacetophenone (9). These two molecules combine to 
furnish flavanilin (10). 3 




O 
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N Me 
H 



ZnCU 



heat 



Me 



Me 
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NH 2 




By 1922, the Friedlander reaction had been well enough established that it was 
being used to prepare derivatives for structure elucidation. 4 



9.6.3 Mechanism 

Two possible mechanisms exist for the Friedlander reaction. The first invokes initial 
imine formation followed by intramolecular Claisen condensation, while the second 
reverses the order of the steps. Evidence for both mechanisms has been found, 5 both 



412 



Name Reactions in Heterocyclic Chemistry 



intermediates have been observed, and the mechanism may change for the same two 
partners based upon reaction conditions. 

R 2 R 4 

4, 








9.6.4 Variations and Improvements 

The Friedlander reaction is quite versatile. The primary limitation on the o- 
aminobenzaldehyde component is preparation of the starting material; as one might 
expect, these compounds are prone to self-condensation. Both electron rich 6 and electron 
poor 7 o-aminobenzocarbonyl compounds undergo the Friedlander reaction. When ketone 
partner 2 has only one available reactive methyl or methylene or is symmetrical, only one 
product is obtained. Even when two products can be formed, it is possible to choose 
reaction conditions such that only one product is isolated (vide infra). The reaction can 
be promoted by acid catalysis, sometimes with improved results. 

Several variations of the Friedlander reaction exist and are well known enough to 
have their own names: 

The Niementowski reaction involves condensation of an o-aminobenzoic acid 
(13) with 2 resulting in a quinolinol (14). 8 



OH 



''CC 



X 



13 



or "r 4 

2 




The Pfitzinger reaction describes the condensation of an o-aminophenylglyoxylic 
acid 16 (which can be generated in situ from an isatin 15) with 2 results in a quinoline-4- 
carboxylic acid (17), which is the subject of its own chapter in this book. 9 



R 1 ^ 



Q 



O^OH 




- R rr*° 



,R 3 



15 



^^UH 2 Q^R 4 
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The Kepmter modification is when the hydrochloride salt of 1 is used as the 



starting material 



10 



Chapter 9. Quinolines and Isoquinolines 



413 



The Fehnel modification describes the Friedlander reaction in acetic acid with a 

11 t_ „„„.„ cases, this modification provides the 



catalytic amount of sulfuric acid. In some 
expected product in much improved yields. 



Ph 



18 



19 




conditions 

alkali alcohol 

thermolysis/cat HCI 

AcOH/H 2 S0 4 



N 

20 

yield 
<5% 
56% 
64% 



The Borsche modification describes the protection of the aldehyde as an imine; 
frequently the starting material is the imine-protected o-nitrobenzaldehyde. 12 The nitro 
group is reduced with zinc and then treated with a ketone in the usual Friedlander way. 
Alternatively, reduction of the free o-nitrobenzaldehyde (21) with SnC^ in the presence 
of a ketone (e.g. 22) and ZnC^ results in good yields of the expected quinoline. 13 



cr 




N0 2 O 
21 22 



SnCI 2 (5 equiv) 

ZnCI 2 (5 equiv) 

*. 

4A mol sieves 
EtOH 
70 °C 




The Henegar modification of the Friedlander reaction has been recently 
reported. 14 The N-Boc protected derivative of o-aminobenzaldehyde (25, in this case 
prepared via directed ortho metallation of 24) is a stable, crystalline compound that can 
be stored for extended periods (in contrast with 4, which typically is freshly prepared). 
Treatment of 25 with ketone 26 in acetic acid results in deprotection of the aniline in situ 
and subsequent formation of 27, an intermediate in the synthesis of mappicine. 




The Friedlander reaction originally was performed in ethanolic alkoxide. Amine 
bases, such as piperidine, have been used. 1 Anion exchange resins have also been 
used. 16 

Alternatively, the Friedlander reaction can be promoted by thermolysis to 150- 
200 °C in the absence of solvents. 17 

Merck chemists have done a detailed investigation on the effect of reaction 
conditions on the yield and selectivity of the Friedlander reaction. Initially, the 
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condensation of 2-aminonicotinaldehyde (28) with methyl ketone 29 under the influence 
of potassium hydroxide in ethanol resulted in an approximately 1:2 mixture of 30:31. 
Pyrrolidines, and especially 32, were found to be effective and selective catalysts for the 
preparation of the desired 2-monosubstituted-8-naphthyridine (>99% conversion, 87:13 
30:31). Further improvements - increasing the reaction temperature to 65-70 °C and 
slow addition of the ketone to the mixture of aminoaldehyde and 32 - resulted in >99% 
conversion to a 96:4 mixture of 30:31. 



Me 



/yCHO 

N NH 2 CT v ^Me 
28 29 

Conditions 

NaOH, rt 

pyrrolidine, 5% H 2 S0 4 , rt 

32, 5% H 2 S0 4 , rt 

32, 5% H 2 S0 4 , slow addition of 29, 65 °C 




30 

Conversion 
>99% 
97% 
>99% 
>99% 



H 
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Me N 
Me 



1 ,3,3-trimethyl-6-azabicyclo[3.2.1 ]octane 
(TBAO, 32) 



N 
31 
Ratio 30:31 
37:63 
86:14 
87:13 
94:6 



9.6.5 Synthetic Utility 

The Friedlander reaction makes available a wide variety of 1,10-phenanthrolines and 
other macrocyclic chelators (e.g. 33, 34 and 35). 19 These polyaza-aromatic rings can 
bind a variety of metals or organic substrates. 




9.6.6 Experimental 2 ® 

.CHO 
V NH 2 
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r^^NBn 



O 



AJ 



NaOMe 



EtOH 




36 



NBn 



37 



2-Benzyl-l,2,3,4-tetrahydrobenzo[6][l,6]naphthyridine 

A solution of 4 (16 g, 132 mmol), 36 (27.5 g, 145 mmol), and NaOMe (7.8 g, 145 mmol) 
in dry EtOH (300 mL) was refluxed for 3 h. The reaction mixture was evaporated in 
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vacuo to give a residue, which was dissolved in water and toluene. The toluene layer was 
evaporated in vacuo to give a residue, which was recrystallized from IPA/CH2CI2 to give 
37 (32.4 g, 90% yield) as colorless prisms (mp 125-126 °C). 
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9.7 Gabriel-Colman Rearrangement 

9.7.1 Description 

The Gabriel-Colman rearrangement entails reaction of the enolate of a maleimidyl 
acetate (2) to provide isoquinoline 1,4-diol 3. 1 
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P. 7.2 Historical Perspective 

In 1900, Gabriel and Colman reported the preparation of phthalimidoyl acetate 4. 2 They 
had anticipated saponifying 4 with sodium ethoxide and were surprised to find, rather 
than hydrolysis, rearrangement to 5. The identity of the product was confirmed by 
hydrolysis of the newly formed ester and concomitant decarboxylation to provide 6, 
which was hydrogenated to the known isocarbostyril (7). 



P O. 




OEt NaOEt, EtOH 
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100 °C, 56% yield 




OEt 



HBr 



190 °C 
quant. 




56% yield 




The Gabriel-Colman reaction has been used to prepare 3-alkyl isoquinoline 1,4- 
diols. 2 Phthalimides 8 and 9 rearrange as expected when treated with alkoxides. Further 
treatment with sodium ethoxide results in decarboxylation and the expected 
isoquinolinone 1,4-diols 12 and 13. 
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9R = Et 1 1 , R = Et (not observed) 
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12, R = Me 

13, R = Et 



Use of a-phthalimidoyl ketones has been described. Treatment of either 14 or 15 
with sodium methoxide in refluxing methanol affords the expected isoquinoline 16 or 17, 
respectively. 




14, R = Me 

15, R = Ph 
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16, R = Me 

17, R = Ph 



9.7.3 Mechanism 

Two mechanisms have been proposed for the Gabriel-Colman rearrangement. The first 
involves initial formation of the ester enolate 19 from 18 by the alkoxide. 4 
Cyclopropanation onto one of the phthalimide carbonyls provides intermediate 20, which 
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decomposes to 21 and subsequently aromatizes to afford isoquinoline 23. This 
mechanism was proposed based upon rearrangements of benzyl ethers to carbinols to 
explain the GC reaction; no experimental evidence for this mechanism was provided. 
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24 

The second proposed mechanism involves initial ring opening of the 
phthalimide. 5 Alkoxide attack on one of the imide carbonyls furnishes amide anion 26. 
Proton transfer affords enolate 27, which undergoes Diekmann type condensation 
followed by aromatization to afford the requisite isoquinoline 23. 
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Although kinetic data allows both mechanisms (if steady-state approximations are 
made and assuming three-member ring formation is rate determining in the first 
mechanism and ring opening or closing is rate determining in the second), experimental 
evidence on the rearrangement of AT-phenacylphthalimides 29 points to the ring 
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R = Me, 30 
R = H, 31 



opening/ring closing mechanism. The rate of ring closure of phthalamate 30 with 
methoxide is the same as the rate of rearrangement of 29, indicating that 30 is a 
competent intermediate along the reaction pathway. Furthermore, if ?-butoxide in t- 
butanol is substituted for methoxide in methanol, the observed rate of rearrangement of 
30 is substantially slower. If mechanism 1 were operative, the steric bulk of base used 
would not be expected to impact the rate of reaction; however if mechanism 2 were 
operative, the steric bulk of the f-butyl ester would be expected to slow the reaction. 
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Finally, reaction of hydroxide with 29 furnishes 31 approximately 20 times faster than 
methoxide promoted rearrangement of 29 to 23 (R = Ph), suggesting ring closure is the 
rate-determining step. 

9. 7.4 Variations and Improvements 

The Gabriel-Colman reaction can be used to prepare isoquinoline-l,4-diols 
regioselectively by the use of unsymmetrically substituted phthalimides. Reaction of 
phthalimide 32 with sodium ethoxide in ethanol provides a 1:7 mixture of 33:34. 7 It was 
rationalized that attack at carbon b is preferred because of its greater steric accessibility 
and diminished electron density compared to carbon a. In spite of the reasonable 
regioselectivity observed in this reaction, the Gabriel-Colman reaction has not been 
substantially investigated in the preparation of non-symmetrically substituted 
isoquinolines. 
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results from attack at a 
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OH 
34,21% 
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The rearrangement has been found to be substrate specific. In some cases, the 
reaction proceeds as described above, i.e. using alkoxide in alcoholic solvent. In other 
cases, these conditions do not work well, or the reaction has been found to work better 
under pressure at elevated temperature in alcoholic solvents, 8 in DMSO, 9 DMF, 10 or 
toluene. 11 Rigorous exclusion of moisture and carbon dioxide is necessary. 6 

Calcium alkoxides do not promote the rearrangement and instead afford only ring 



opened product, 
investigated. 



12 



Otherwise, the effect of metal counterion on the reaction has not been 



9.7.5 Synthetic Utility 

9.7.5.1 Naphthyridine synthesis 13 

Gabriel and Colman extended the rearrangement to nitrogen containing heterocycles. 14 
Cinchomeronylglycine ester 35 was treated with sodium methoxide in methanol to 
provide 2,7-naphthyridine 37. The regiochemistry of the product was established by 
chemical degradation. That the product is the 2,7-naphthyridine and not the 2,6 isomer 
39 can be rationalized by the reactivities of the different carbonyls. One carbonyl in the 
starting material can be viewed as a vinylogous cc-imino amide and therefore relatively 
more electrophilic than the other carbonyl, which can be considered a vinylogous urea. 
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Shortly after Gabriel and Colman reported the rearrangement of 
cinchomeronylacetic ester, Fels reported a similar rearrangement of oc- 
quinolinimidoacetic ester (40) to provide a 1,6-naphthyridine (41). 15 The structure of the 
isolated compound was not unambiguously determined for more than 30 years. 16 More 
recently, the reaction has been shown to produce both 41 and 42 in a 3: 1 ratio 
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9.7.5.2 Benzothiazine synthesis 

The most widely used variant of the Gabriel-Colman is the conversion of saccharine 
derivatives to benzothiazine derivatives. The reaction has been extensively studied as 
benzothiazines are important pharmacophores, particularly in the oxicam class of anti- 
inflammatories. The first reported instance of this transformation was in 1956 where 43 
was treated with sodium methoxide to provide 44. 18 The rearrangement also works with 
esters and some amides in addition to ketones. 
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The mechanism of this variant of the Gabriel-Colman reaction has been 
investigated. Treatment of saccharine derivatives 45-48 with 1-2 equivalents of sodium 
alkoxide at room temperature provides esters 49-52 in good yields; treatment of 45-48 
with sodium alkoxide at reflux provides the expected benzothiazines 53-56. 21 Increased 
concentration leads to higher yields. 
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53, R = Me, 70% (one step) 

54, R = Et, 62% (one step) 

55, R = j-Pr, 85% (one step) 

56, R = f-Bu, 64% (one step) 



The benzothiazine equivalent of a 1,7 naphthyridine (58) has also been 



22 



prepared. The reaction did not work in alcoholic solvents, but when DMF was used 57 
rearranged to provide the desired product in moderate yield. 
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9.7.6 Experimental 21 
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4-Hydroxy-l,l-dioxo-l,2-dihydro-lA, -benzo [e] [1,2] thiazine-3-carboxylic acid iso- 
propyl ester (55) 

A solution of sodium isopropoxide was prepared from sodium (0.92 g, 40 mmol, 4 
equiv.) in isopropanol (16 mL). The solution was refluxed in an oil bath and 47 (2.8 g, 
10 mmol) was added all at once as a powder. After a few minutes, the orange slurry was 
poured into ice-cold concentrated hydrochloric acid. The solid was filtered, washed with 
water and recrystallized from ethanol to afford 55 (2.4 g, 85% yield): mp 170 °C; 'H 
NMR (CDC1 3 ) 5 11.5 (s, 1H), 7.70-8.32 (m, 4H), 6.65 (S, 1H), 5.42 (m, 1H), 1.55 (d, 
6H); IR (KBr, cm" 1 ) 3200, 1660, 1340, 1190. 



422 Name Reactions in Heterocyclic Chemistry 



9.7.7 References 

1 For consistency, structures are drawn as the isoquinoline-l,4-diol throughout regardless of tautomer drawn in 
the original reference. The actual tautomeric structure is dependent on the pH of the solution. See Caswell, 
L. R.;Campbell, R. D. / Org. Chem. 1961, 26, 4175. 

2 Gabriel, S.; Colman, J. Chem. Ber. 1900, 33, 980. 

3 Gabriel, S.; Colman, J. Chem. Ber. 1900, 33, 2630. 

4 Hauser, C.R.; Kantor, S. W. J. Am. Chem. Soc. 1951, 73, 1437. 

5 [R] Gensler, W. J. Heterocyclic Compounds, Vol. 4, R. C. Elderfield, Ed., John Wiley and Sons, Inc., New 
York, N.Y. 1952, 378. 

6 Hill, J. H. M. J. Org. Chem. 1965, 30, 620. 

7 Koelsch, C. F.; Lindquist, R. M. J. Org. Chem. 1956, 21, 657. 

8 Caswell, L. R.; Atkinson, P. C. J. Heterocycl. Chem. 1966. 3, 328. 

9 Lombardino, J. G.; Wiseman, E. H.; McLamore, W. M. / Med. Chem. 1971, 14, 1171. 

10 Genzer, J. D.; Fontsere, F. C. U.S. Patent 3 960 856, 1976. 

11 Lazer, E. S.; Miao, C. K.; Cywin, C. L.; Sorcek, R.; Wong. H.-C; Meng, Z.; Potocki, I.; Hoermann, M. A.; 
Snow, R. ;J.; Tschantz, M. A.; Kelly, T. A.; McNiel, D. W.; Coutts, S. J.; Churchill, L.; Graham, A. G; 
David, E.; Grab, P. M.; Engel, D. W.; Meier, H.; Trummlitz, G. J. Med. Chem. 1997, 40, 980. 

12 Svoboda, J.; Palecek, J.; Dedek, V. Collect. Czech. Chem. Common. 1986, 51, 1 133. 

13 For a review of the preparation of naphthyridines, including use of the Gabriel-Colman reaction, see 

[R] Allen, C. F. H. Chem. Rev. 1950, 47, 275. For the use of the Gabriel-Colman reaction in the preparation 
of 1 ,6-naphthyridines see p. 284, and for the use of the Gabriel-Colman reaction in the preparation of 2,7- 
naphthyridines see p. 287. 

14 Gabriel, S.; Colman, J. Chem. Ber. 1902, 35, 1358. 

15 (a) Fels, B. Chem. Ber. 1904, 37, 2129. (b) ibid, 2137. 

16 Ochai, E.; Arai, I., J. Pharm. Soc. Japan 1939, 59, 458. 

17 Albert, A.; Hampton, A. /. Chem. Soc. 1952, 4985. 

18 (a) Abe, K.; Yamamoto, S.; Matsui, K. /. Pharm. Soc. Japan 1956, 86, 1058. (b) Subsequently, a 
complementary rearrangement of i to ii was reported. Zinnes, H.; Comes, R. A.; Shavel, J. Jr. J. Org. Chem. 
1964, 29, 2068; this is the only report of the benzothiazin-4-one being formed in the reaction. 

O 

NaOEt jf 

BOH I j^ T ^ NH 




44% 



1^=1. X-C0 2 E1 

cTb Ph 



19 Lombardino, J. G.; Wiseman, E. H.; McLamore, W. M. J. Med. Chem. 1971, 14, 1171. 

20 Schapira, C. B.; Abasolo, M. I.; Perillo, 1. A. J. Heterocycl. Chem. 1985, 22, 577. 

21 Schapira, C. B.; Perillo, I. A.; Lamdan, S. J. Hererocycl. Chem. 1980, 17, 1281. 

22 Zawisza, T.; Malinka, W. Farmaco Ed. Sci. 1986, 41, 892. 

Derek A. Pflum 



Chapter 9 Quinolines and Isoquinolines 



423 



9.8 Gould- Jacobs Reaction 

9.8.1 Description 

The Gould-Jacobs reaction is a sequence of the following reactions: (1) condensation of 
an arylamine 1 with either alkoxy methylenemalonic ester or acyl malonic ester 2 
providing the anilidomethylenemalonic ester 3; (2) cyclization of 3 to the 4-hydroxy-3- 
carboalkoxyquinoline 4; (3) saponification to form acid 5, and (4) decarboxylation to 
give the 4-hydroxyquinoline 6. All steps of this process will be described herein with 
emphasis on the formation of intermediates like 3 and 4. 




R0 2 C Vs .C0 2 R heat 

T — - 

./N^r." - R"OH 



NH 2 R'^^OR' 
1 2 



R = alkyl 

R' = alkyl, aryl, or H 
R" = alkyl or H 
OH OH 

C0 2 R H0 - ^wU^C0 2 H A 





R0 2 C v ^CN R0 2 C 

J 



R0 2 C C o 2 R A 

N^R 
H 
3 





RO' 



8 



y; 



y- -y - «v° 



RO 10 



The first reaction can be conducted using various derivatives of 
methylenemalonic ester, such as malononitriles 7, malonamides 8, (J-keto-esters 9 or 
Meldrum's acid 10. Substitutions of the aryl ring (including fused rings) and within the 
aryl ring are well tolerated for this reaction. 



9.8.2 Historical Perspective 

In 1885, Just reported 1 the reaction of sodium diethylmalonate with N-phenylbenzimino 
chloride to provide 11. Thermal cyclization provided 12. This work was virtually 
untouched for several decades, but laid the groundwork for further development. 
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In 1939, Gould and Jacobs reported 1 the condensation of aniline with acetyl 
malonic ester (AME) and ethoxymethylenemalonate (EMME), respectively, followed by 
cyclization of anilinomethylenemalonic ester 13 and 14 in mineral oil to afford the esters 
15 and 16. Saponification of the esters gave the known acids 17 and 18, respectively. 




+ 
NH 2 



Et0 2 r^C0 2 Et rt, 3d 



or steam 
0R bath 



R = Me, R' = H (AME) 
R = H, R' = Et (EMME) 



Et0 2 C x/ C0 2 Et A 




30%, R = Me, 13 
70%, R = H, 14 



mineral 
oil, 250 °C 




R = Me, 15 
60%, R = H,16 



R = Me, 17 
R = H, 18 



Improvements to this report by Gould and Jacobs did not come for nearly seven 
years when a plethora of activities in the synthesis of quinolines was reported due to the 
need for antimalarials. Dowtherm™ (a mixture of diphenyl ether and biphenyl) or 
diphenyl ether 2 could be used for the cyclization and for the decarboxylation. Initially, 
these steps had used mineral oil and a Wood's metal bath, respectively. Much was 
learned about the selectivity, or lack of selectivity, in the cyclization step. 3 Normally, m- 
substituted anilines give the 7-substituted quinoline isomer. Whereas m-chloro aniline 
was initially reported to cleanly provide the 7-chloroquinoline, subsequent reports (with 
scale-up) claimed up to 15% of the 5-chloro isomer. Likewise, m-fluoroaniline was 
reported to give mixtures of the 7- and 5-fluoroquinolines in which the the 5-isomer was 
reported as being "detectable." A recent report on this substrate claimed not observing 
the 5-fluoro isomer. 4 wz-Cyano-aniline was reported to exclusively provide the 5- 
cyanoquinoline. Formation of the silver salts was found to facilitate decarboxylation in 
cases in which powerful EWGs (electron-withdrawing groups, i.e., N0 2 ) were attached to 
the arylamine. 5 
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C0 2 - Ag + Dowtherm 



reflux, 

45% 




In order to expand the utility of the reaction, modification of the route to 
anilidomethylene malonic ester equivalents was developed. Simple condensation of 
triethyl orthoformate with cyanoacetic ester, acetoacetic ester, or malonic ester in the 



presence of an m-chloroaniline gave the desired anilinoacrylate. a A higher yield of 23 
was reported by reaction of a bisarylformamidine with malonic ester to give the 
acrylanilide 23 in 70% yield. Cyclization gave quinolines 24-26 bearing a nitrile, 
ketone, or amide at the 3-position. Note that cyclization occurred on the ester carbon 
rather than on the nitrile, ketone, or amide carbon. 



NC^C0 2 Et 
or 
O 

/^co 2 a 

or 



Et0 2 C^/C0 2 Et 



+ (EtO) 3 CH + 



CI^^^MH H 



H 

94%, R = CN, 21 
79%, R = Ac, 22 
27%, R = CONH(m-CI-Ph), 23 



Ph 2 0, 
reflux 




90%, R = CN, 24 
90%, R = Ac, 25 
58%, R = CONH(m-CI-Ph), 26 



CI 




H 




CI 



Et0 2 C^X0 2 Et 



150-165 °C 
70% 



23 



Condensation of Af-aryliminochlorides with malonic ester followed by thermal 
cyclization, as initially reported by Just, was found to be a general method for the 
preparation of 2, 3, 4-substituted quinolines. 2 " Various substituents on the aryl ring of the 
iminochloride proved uneventful, even though the conditions required to generate the 
iminochloride utilized PCI5. 
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Et0 2 C C0 2 Et 

Y 185 °C 
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9.8.3 Mechanism 

The mechanism of this reaction has not been thoroughly explored. Some work has been 
done in analysis of potential intermediates for the reaction, although these intermediates 
were generated using flash vacuum pyrolysis (FVP). 6 Materials in this experiment were 
trapped and IR spectrum suggested the formation of a ketene prior to cyclization. 
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This information coupled with the proposed mechanism of the Conrad-Limpach 
reaction, reasonably lead to the below proposed mechanisms. 1 Conjugate addition of 
aniline and elimination of alcohol provides the P-anilinoacrylate 14, which upon heating 
to 180-320 °C gives species, like 34a,b, which undergo 67i-electrocyclization to 35 or 
36, respectively- Loss of ethanol from 36 gives 35 and tautomerization provides 4- 
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hydroxy-3-ethoxycarbonylquinoline 16. Saponification of ester 16 to the acid and 
decarboxylation (via (3-keto ester tautomerization) gives the 4-hydroxyquinoline. Under 
acid-promoted cyclization conditions (i.e., PPA, POCI3, H2SO4), Friedel-Crafts type 
cyclization could also be operable. 

9.8.4 Variations and Improvements 

9.8.4.1 Preparation and application of alternative methylenemalonate equivalents 

Due to the commercial availability of EMME in good purity, there has not been a need to 
develop new methods to prepare P-anilino-acrylates; therefore, only a few alternatives 
have been reported. One approach described thermal carbene generation from 37, and 
rearrangement to form 38. 7 Cyclization in refluxing 1 ,2-dichlorobenzene (1,2-DCB) 
provided the 2, 3, 4-trisubstituted quinolines. An electron-withdrawing group (EWG) on 
the carbene carbon was required for this reaction, and therefore led to the EWG 
substitution in the 2-position of the quinoline. 



NHPh 



Me0 2 C N 



_.COpMe reflux, 3 d MeOaC^.CC^Me 1 ,2-DCB 




>s PhMe or PhH 

X^N 2 

X = C0 2 Me,37 41% X = C0 2 Me, 38 64% X = C0 2 Me, 39 

X = COPh, 40 47-52% X = COPh, 41 48% X = COPh, 42 

X = COMe,43 62% X = COMe, 44 54% X = COMe, 45 

The preparation and use of derivatized Meldrum's acid has led to an alternative 
preparation of 2-substituted quinolines (49 and 50) 8 and the preparation of 
pyridopyrimidines (52). 9 When Meldrum's acid derivatives are used (as shown in this 
example) decarboxylation occurred under the cyclization conditions. Three component 
coupling has been used to readily assemble the desired 3-anilino-acrylate from reaction 
of Meldrum's acid, (EtO) 3 CH and an aniline (e.g. 54 or 55). 6 
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R = Me, 47 46% R = Me, 50 
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51 52 
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(<=tO) 3 CH 86%, Ar = p-Me-Ph, 54 

J I *" JL 1. 21%,Ar = p-0H-Ph, 55 

tf^S^Q ArNH 2 O^^O 



53 



NHAr 



9.8.4.2 Reaction media for cyclization and decarboxylation 

Several high-boiling, inert solvents have been reported in various steps of the Gould- 
Jacobs reaction. Dowtherm,™ Ph20, cumene, tetraglyme, 10a diphenyl methane, 10b 
paraffin, 100 and 1,2-DCB have been successfully employed for the cyclization and 
decarboxylation steps. Copper chromide/quinoline, 11 " vacuum sublimation, nb paraffin, 110 
quinaldine, lld or dibutyl phthalate lle proved adequate to promote decarboxylation. 
Cyclization 12 via continuous flow reactor (380 °C, 45 s loop) and decarboxylation have 
been described neat. The change in selectivity of cyclization is notable and will be 
addressed later (compare conversion of 51-52 with 56-57). 



-C0 2 Et _. nop ^^X0 2 Et 




X ^L J — *■ jl <k -^ 75% ' 94% purity 

^^N N ^^N N 8% N-isomer observed 

56 H 

Alternatively, cyclization has been accomplished using various acids which 
dramatically altered the selectivity in the cyclization, a cyclization that failed under 
thermal conditions as in the preparation of 59 and 60. 13 Often, the yield of the acid- 
promoted reaction was lower than the thermally-promoted cyclization. Of course, the 
temperature in which acid-promoted reactions were conducted was much lower than the 
normal 250 °C required for thermal cyclization. The selectivity was altered when an acid 
was used as in 58 — > 59 and 60, suggesting a change in mechanism. 
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Et0 2 C C0 2 Et 



XXJ 



58 H 




C0 2 Et 



76%, 4:3 
20%, 3:2 
15%, 13:7 
67%, 15:11* 
82%, 1:9 




C0 2 Et 



PPE 

Ac 2 0/H 2 S0 4 

PPA 

POCI 3 

Dowtherm A (thermal) 

*The reaction using POCI3 gave the 4-CI quinolines. 



JV-cyclopropylquinolone 63 and N-fused pyrrolidinyl 66 and piperidinyl 69 
quinolones were reported as intermediates for the preparation of potent antibacterial 
agents. Use of acids as reaction solvent allow for the cyclization of these JV-substituted 
anilino-acrylates. 14 The reports of thermal cyclization of Af-substituted-anilino-acrylates 



are rare 
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n = 2, 88% overall, 69 
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Et0 2 C C0 2 Et 



MeO OH 
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2) EtOH, reflux 
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MeO OH 
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Cyclizations, which failed to occur under thermal conditions, have been forced by 
using strong acids as solvent. Such cyclizations required careful temperature control in 
order to cyclize while maintaining the 3-carboxyl substituent. 16 

Typical acids employed to promote the Gould-Jacobs reaction are polyphosphoric 
acid (PPA), ethyl polyphosphate (PPE), Ac 2 0/H 2 S0 4 , POCl 3 ,or BF 3 OEt 2 17 at 60-170 °C. 
Phosphorous oxychloride provides the 4-chloroquinoline directly. Overall, if a reaction 
can be promoted thermally, that is the method of choice due to the ease of running the 
reaction, the higher yield or recovery, and the potential to change selectivity under acid- 
promoted reaction conditions. 



9.8.4.3 Alternative techniques applied to cyclization 

Alternative techniques, such as flash vacuum pyrolysis (vide infra; 30 — >• 33), have been 
applied to the Gould-Jacobs reaction. Use of microwave has in some cases provided an 



excellent yield of the desired 3-alkoxycarbonyl-4-hydroxy quinoline . The reactions 
were conducted on a 10 mmol scale with superior overall purity to classical thermal 
conditions. 



R"' 



Ft' 




EMME 



microwave 
NH 2 1.5-2.5 min R 



74 



96-99% 




C0 2 Et 



9.8.4.4 Substitution and its effect on selectivity in the cyclization 

Nearly every substitution of the aromatic ring has been tolerated for the cyclization step 
using thermal conditions, while acid-promoted conditions limited the functionality 
utilized. Substituents included halogens, esters, nitriles, nitro, thio-ethers, tertiary 
amines, alkyl, ethers, acetates, ketals, and amides. 19 Primary and secondary amines are 
not well tolerated and poor yield resulted in the cyclization containing a free phenol. lle 
The Gould-Jacobs reaction has been applied to heterocycles attached and fused to the 
aniline. 

3-Benzoxazol-4-fluoro-aniline 77 and benzthiazol-aniline 80 both provided the 
"linear" product in very good overall yield. This was considered to be the normal or 



N, 

&* 




EMME 

"EtOH* 
NH 2 reflux 
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Et0 2 C C0 2 Et 
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X = S, 80 
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73%, 



N 
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78 
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Ph 2 0, 



reflux, 30 min N^ 
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98%, 79 
94%, 82 



C0 2 Et 
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predominate mode of cyclization. 20 Alternatively, fused amino benzoxazole 83 gave 
exclusively the angular product 85, while substituted amino-benzoxazoles 86 and 89 gave 
2:1 mixtures of "linear" (86 and 89) and "angular" products (88 and 91). 21 



Et0 2 C C0 2 Et 




^ 



R = H, 83 
R = Me, 86 
R = Ph, 89 



Dowtherm, 

i *- 

reflux Et0 2 C 



94%, <5:>95 
65%, 2:1 
68%, 2:1 




R: 
R: 
R: 



H, 84 
Me, 86 
Ph, 90 




85 
88 
91 



Cyclization of quinoxalines 92 and 94 gave angular products 93 and 95. 

,N 



22 



Et0 2 C 



R 




N xv 



R = C0 2 Et, 92 
R = CN, 94 



Dowtherm, 



250 °C 



70% 
76% 




R = C0 2 Et, 93 
R = CN, 95 



Both steric and electronic factors have been claimed to control the selectivity in 
the cyclization step. Not only the control of the selectivity on the ring closure but also 
the lack of activity toward cyclization was observed. In one example of this, methyl 
substituted aminoindole 96 provided cyclization product 99 while attempted cyclization 
of methyl ether 98 led to decomposition. 23 
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H 



R = Me, 96 
R = OMe, 98 
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^- 

250 °C 

76% 

trace; turned 

tarry after 30 min 




~N 
H 

R = Me, 99 
R = OMe, 100 



Reactions demonstrating steric control have been reported. Cyclization of the 
dimethyl acetal 103 led to a 9:1 ratio of 104:105 instead of a 1:1 ratio using unsubstituted 



24 



dioxolane 101. Yet others reported sterics did not control the selectivity of cyclization. 



432 



Named Reactions in Heterocyclic Chemistry 



.0 




C0 2 Et 




Dowtherm, 



250 °C 



C0 2 Et tov ~ o' X) 

M 

R R 
R = H, 101 not isolated, 1:1 R = H, 102 
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103 
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Thermal cyclization of the 3-nitro anilide 107 gave a 1 : 1 mixture of 108 and 109 
in excellent yield, though one would expect the nitro group to be more sterically 
demanding than a hydrogen. 25 An interesting difference in the reported 

Et0 2 C C0 2 Et 



CI 
2 N 
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Dowtherm, 
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250 °C 2 N 
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108 



N0 2 OH 
C0 2 Et CI\J^VL^C0 2 Et 
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109 




cyclization of 110 and 113 suggested that electronic effects predominantly controlled the 
observed mode of cyclization. Thus, a methylene substituent attached para- to the center 



Et0 2 C. C0 2 Et ni _ n 
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110 H 



reflux 
75%, 10:1 




Et0 2 C C0 2 Et 



Ph 2 



0"^\^^n / reflux O 

113 H 87%, only isomer observed 114 




C0 2 Et 



of cyclization, gave a 10:1 ratio of 111:112 (analogous to a methyl group being para-, 
60:59). An ether para- to the center of cyclization provided only one isomer. 26 

Although regio-isomers have been reported in some cases as being problematic, 
due to the wide range of substituents that withstand the cyclization, the Gould-Jacobs 
reaction is one of the more general methods used to prepare quinolines. 

9.8.4.5 Selectivity of cyclization for some heterocycles 

As previously described, the Gould-Jacobs reaction has been applied to heterocycles 
fused to anilines, and to some amino-substituted heterocycles. Selectivity of N- and C- 
cyclization of 2-aminopyridino-methylene malonates has been mentioned (51 and 56). 
The normal mode of cyclization of 2-aminopyridino-methylene malonates is on the 
nitrogen to form a pyridopyrimidine. If an electron-donating group (EDG) is in the 6- 



Chapter 9 Quinolines and lsoquinolines 



433 



position of a 2-aminopyridine (alkyl, OR, or CI), the 1 ,8-napthyridine is obtained; 
otherwise, the pyrido-pyrimidine is obtained. 27 There are of course exceptions to this 
generality. Presumably, the formation of the 1,8-naphthyridine is due to the steric 
requirements for cyclization on nitrogen being much different than on carbon. Another 
example of the peculiarity of the cyclization of 2-aminopyridines. 28 Whereas pyridofuran 
115 gave predominantly Af-alkylated 116, the straight-chain substituted 118 provided the 



.0 
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N N ^r^ * reflux, 15 min 

H C0 2 Et 



115 



N'^N + 




C0 2 Et 
51%, 116 
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EtO 



H C0 2 Et 
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^. 

reflux, 1 h 




C0 2 Et 



C-alkylated material 119. The cyclization of a 3-aminopyridino-methylene malonate has 
been shown. The formation of amino-acrylate 121 was nearly quantitative and 
subsequent cyclization afforded a 50% yield of the 1,5-napthyridine. Saponification and 
decarboxylation gave the desired 1,5-napthyridine 124 in good yield. 29 
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10%NaOH 



88% 



F 3 C 




123 



C0 2 H Ph 20, 



reflux 
92% 



F,C 




124 



Formation of the amino-acrylate of aminopyrimidine intermediates was reported. 
In the absence of base, alkylation occurred on the carbon and not the nitrogen, followed 
by cyclization to give 125. In the presence of base (EtONa), condensation occurred on 
the nitrogen. Cyclization under thermal conditions afforded 128. 30 
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With pyrimidine systems, another anomaly occurred with which group underwent 
cyclization in the case of a-cyano-|3-(pyrimidino)amino-acrylate. For example, 
cyclization of 129 occurred on the CN group providing the 5-amino-pyridopyrimidine 
130. 
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85% 




Et0 2 C C0 2 Et Sf°' 
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132 



80% 




C0 2 Et 



133 



10%NaOH 

reflux, 1 h F- 

>• 

95% 




134 



6,7-Difluoro-4-hydroxyquinoline-3-carboxylic acid (134) 

A mixture of aniline 131 (20 mmols) and EMME (22 mmols) was warmed to 100 °C for 
80 min with a light N2 flow to remove the ethanol which was formed. Hexanes was 
added and the reaction mixture warmed and allowed to cool to rt to give malonate 132 as 
a slightly pink solid in 85% yield. For malonate 132: mp = 76-77 °C; IR (KBr) 1739 
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(ester), 1688 (ester) cm" 1 ; *H NMR (CD 3 COCD 3 ) 1.2 (3H, t, CH 3 ), 1.26 (3H, t, CH 3 ), 
4.18 (2H, q, CH 2 ), 4.24 (2H, q, CH 2 ), 7.26 (1H, m, aromatic H), 7.4 (1H, m, aromatic H), 
7.44 (1H, m, aromatic H), 8.4 (1H, d, vinyl H), 10.8 (1H, d, NH); MS (EI, 70 ev) m/z: 
299 (100%). 

A round-bottomed flask containing diphenyl ether (14 mL) was placed in an oil 
bath which was heated to 250 °C and malonate 132 (12 mmol) was added slowly. The 
mixture was kept under reflux for 1 h. During this time vapors evolved and a white solid 
formed. The solid was filtered and washed with hexane to remove excess Ph20. This 
provided quinoline ethyl ester 133 as a white solid in 80% yield. For quinoline 133: mp 
= 238-239 °C; IR (KBr) 1698 (ester) cm 4 . 

Ethyl ester 133 from above was treated with 10% NaOH and warmed to reflux for 
1 h. The mixture was allowed to cool to room temperature and was acidified with a 
solution of 10% HC1 to give acid 134 as a white solid in 95% yield. For acid 134: mp = 
276-278 °C; IR (KBr) 1712 (acid) cm" 1 ; ! H NMR (DMSO-de) 7.88 (1H, m, J = 11, 6, 3 
Hz, aromatic H), 8.17 1H, m, J = 10, 2 Hz, aromatic H), 8.9 (1H, s, aromatic H), 13.7 (H, 
broad s, C0 2 H); 19 F NMR (TFA standard; DMSO-de) -48.4 (IF, m), -58.8 (IF, m); MS 
(EI, 70 ev) m/z: 225 (36%), 207 (100%); exact mass for CioH 5 N0 3 F 2 , 225.0237. Found: 
225.0237. 
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9.9 Knorr Quinoline Synthesis 

9.9.1 Description 

The Knorr quinoline synthesis refers to the formation of a-hydroxyquinolines 4 from 0- 
ketoesters 2 and aryl amines l. 1 The reaction usually requires heating well above 100°C. 
However, some cases do exist when the cyclization takes place in the presence of a 
catalytic amount of mineral acid at temperatures as low as -10 °C. The intermediate 
anilide 3 undergoes cyclization by dehydration with concentrated sulfuric acid. The 
reaction is conceptually close to the Doebner-Miller 1 and Gould-Jacobs reactions. 




H 2 SO4,100 o C 



9.9.2 Historical Perspective 

The first cyclization of acetanilide was carried out by Knorr in 1883 who subsequently 
demonstrated that the reaction was also applicable to acetoacylated aryl amines that have 
a vacant ortho position. 2 

9.9.3 Mechanism 

In the first step of what is considered to be a fairly straightforward mechanism, the 
anilinic nitrogen reacts with the ester group of the P-ketoester 5 to provide the anilide 
3. 4 ' 5 The latter can either be isolated or carried on directly. Upon warming in the presence 
of acid, the acetanilide cyclizes with subsequent loss of water to yield the quinolone 
product 9. 1 




+ oK r 



NH? 



R 2 CrV 



,A^R 




OH , 

2 -R 2 OH 
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9.9.4 Variations and Improvements 

(3-Ketoacylation of amines has been performed by means of a variety of reagents. The use 
of P-keto esters requires the application of high temperatures and long reaction times 6 in 
order to achieve chemoselective reaction on the ester group under thermodynamic 
conditions. The use of mixed tin(II) amides as nucleophiles 7 in that reaction has also been 
reported although the generality of that protocol as a (3-ketoacylation method has not 
been established. Diketene is a good acetoacetylating reagent, but its volatility, low 
stability, and high toxicity, as well as the fact that its derivatives are not easily available, 
have promoted the search for alternatives. 9 More recently, it has been shown that |3-keto 
thioesters react with amines in the presence of silver trifluoroacetate under exceptionally 
mild conditions. 10 This modified protocol has been applied in a synthesis of |3- 
ketoanilides under relatively mild conditions. 11 The products are then cyclized to the 
respective quinoline targets under the standard acidic conditions. 

In their general synthesis of quinoline-2,5,8(lfl)-triones, Avendano and co- 
workers use this modified protocol to access the key 2,5-dimethoxyanilide systems 11 
required in their synthetic plan." For more examples, see reference 11 and references 
cited within. 



OCHo 




O O 



steu 



*NH 2 Ag + , CF 3 C0 2 - 
OCH 3 r.t. 1h 




R= H (69%) 

R= CH 3 (93%) 

R= CH 2 CH 3 (87%) 

R= PhCH 2 (85%) 

R= CH 2 =CHCH 2 (69%) 



10 



11 



9.9.5 Synthetic Utility 

The Knorr synthesis is a venerable process that has found a number of useful synthetic 



applications. Most recently, the Knorr protocol has found application in the synthesis 
of 2,5-dimethoxyquinolines of type 13. 11 They are penultimate intermediates in the 
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synthesis of 2,5,8-triquinones which are otherwise inaccessible via the standard 
Friedlander 13 and Vilsmeier-Haack protocols. 14 



OCH 3 r- h 




R3 



H 2 SQ 4 (96%) r.t. 
HCI (35%) r.t. 
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The Knorr quinoline synthesis has been nicely extended by Hodgkinson and 
Staskun to include P-ketoesters that do not have protons at the 2 position of the starting 
keto-ester. 15 2,2'-dichloroanilides of type 14 can cyclize to provide quinolines such as 15 
and 16 in good respective yields. 15 
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R = H (32%) 
R = CI (75%) 


15 
16 



A variety of aryl systems have been explored as substrates in the Knorr quinoline 
synthesis. Most notable examples are included in the work of Knorr himself who has 
demonstrated the high compatibility of substituted anilines as nucleophilic participants in 
that reaction. 12 In the case of heteroaromatic substrates however, the ease of cyclization is 
dependent on the nature and relative position of the substituents on the aromatic ring. ' 
For example, 3-aminopyridines do not participate in ring closure after forming the anilide 
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presumably as a result of the unfavorable electronic effects of the nitrogen present in the 
pyridine ring which reduces the nucleophilicity of the ring via inductive destabilization of 
the required transition state. 4 ' 5 The same is true for 3-quinolineamines such as 19, which 
do not react at all whereas the 4-quinolineamines 17 provide the cyclized quinolines in a 
gratifying 56% yield. 4 ' 5 




58% 




17 



18 




19 



0% 




20 



A facile way of promoting the cyclization is to increase the nucleophilicity of the 
aryl system when possible. In the total synthesis of diazadiquinomycins A and B, for 
example, the authors were able to effect a double Knorr cyclization with concomitant in 
situ oxidation to the internal diquinone 23 by deprotecting the hydroquinone thereby 
lowering the activation barrier for the desired transformation. If the hydroquinone is left 
protected as the di-MOM ether, the reaction does not take place. 16 
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95% 




9.9.6 Experimental 



23 



OCH: 




O 

AgCF 3 CO, r.t, 1h 
DME 



OCH. 




2,5-Dimethoxy-3-ketoanilides: General Procedure: 11 

To a solution of the |3-keto thioester (0.750-0.300 g, 1.60-3.71 mmol) and 2,5- 
dimethoxyaniline (0.256-0.625 g, 1.68^.08 mmol, 1.05-1.1 equiv) in DME (5-15 mL) 
was added freshly prepared silver trifluoroacetate (0.282-0.656 g, 1.28-2.97 mmol). 
After 10 min at r.t., more silver salt (0.141-0.328 g, 0.64-1.49 mmol, total 1.2 equiv) was 
added, and the suspension was stirred overnight at r.t. The dark-brown suspension was 
decanted from the precipitate of silver salts, which was washed with petroleum ether (3 x 
20-50 mL). The combined organic phases were concentrated under reduced pressure to 
give a black oil. Chromatography (CH2CI2 to Et20) yielded the corresponding 2,5- 
dimethoxy-3-oxoanilides as white solids or syrups. 

5,8-Dimethoxyquinolines: General Procedures: 11 



OCH 




H 2 S0 4 



r.t. 



OCH 




Method A: Cyclization with H2SO4. 

A solution of N-(2,5-dimethoxyphenyl)-3-ketobutanarnide (0.30-0.15 g, 1.20-0.54 
mmol) in 96% B^SCt (2-3 mL) was stirred at r.t. for 50 min-3 h, and was then quenched 
with ice, made basic with 25% aq NH4OH, and extracted with CHC1 3 (3 times 25-50 
mL). The combined organic layers were washed with brine (25-50 mL), dried (NaaSC^), 
and concentrated under reduced pressure to give a pale white solid. Chromatography 
(50% Et20/EtOAc to EtOAc) afforded the corresponding 4-mono or 3, 4-di substituted 
5,8-dimethoxyquinolines as white solids. 
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Method B: Cyclization with HCI: 

A suspension of the amide (0.30 g, 0.92 mmol) in 35% HCI (25 mL) was vigorously 
stirred at r.t. for 4-7 d. The product was isolated following Method A and the 
chromatography was performed using EtjO as the mobile phase. 
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9.10 Meth-Cohn Quinoline Synthesis 

9.12.1 Description 

The Meth-Cohn quinoline synthesis involves the conversion of acylanilides 1 into 2- 
chloro-3-substituted quinolines 2 by the action of Vilsmeier's reagent in warmed 
phosphorus oxychloride (POCI3) as solvent. 1 



CX N X 

I 
H 



DMF, POCI3 



iUl 




N XI 



9.10.2 Historical Perspective 

The classical Vilsmeier-Haack reaction is one of the most useful general synthetic 
methods employed for the formylation of various electron rich aromatic, aliphatic and 
heteroaromatic substrates. 2 However, the scope of the reaction is not restricted to 
aromatic formylation and the use of the Vilsmeier-Haack reagent provides a facile entry 
into a large number of heterocyclic systems. 3 In 1978, the group of Meth-Cohn 
demonstrated a practically simple procedure in which acetanilide 3 (R = H) was 
efficiently converted into 2-chloro-3-quinolinecarboxaldehyde 4 (R = H) in 68% yield. 4 
This type of quinoline synthesis was termed the "Vilsmeier Approach' by Meth-Cohn. 5 



R Cx N t 



1 
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DMF, POCI3 



75°C,4-16.5h 




Typically, an acetanilide (1 mol. equiv.) was treated with the Vilsmeier reagent 
generated from POCl 3 (7 mol. equiv.) and Ar,yV-dimethylformamide (DMF, 2.5 mol. 
equiv.) at -75 °C for 4 - 20 h. The reaction products were readily obtained by filtration 
after pouring the reaction mixture onto ice-water; minor reaction products were isolated 
after basification of the filtrate. A variety of acetanilides were studied under these 
optimised reaction conditions and some significant observations were noted. 6 Activated 
acetanilides 3 [e.g. R = 4-Me (70%), 4-OMe (56%)] reacted faster and in better yield to 
give quinolines 4 than other strongly deactivated systems 3 [e.g. R = 4-Br (23%), 4-C1 
(2%), 4-NO2 (0%)] — in these cases, formamidines 5 and acrylamides 6 were the major 
reaction products. 
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N^NMe 2 



Moreover, a +M substituent in the meta-position showed remarkable selectivity 
invariably yielding only 7-substituted quinolines, cyclisation occurring para to the 
substituent (e.g. 3, R = 3-SMe yielded 4, R = 7-SMe, 92%). The reaction was 
successfully extended to higher anilides 7 (R & H) to yield 2-chloro-3-substituted 
quinolines 8. In general, shorter reaction times were required for efficient reaction, 
reflecting the greater ease of formylation of the higher acylanilides 7 (R ^ H) compared 
to acetanilide. The reaction tolerates a wide variety of functionality with acylanilides 7 
[R = alkyl, aryl, (CH 2 ) n Cl, pyridyl and thienyl] having been shown to cyclise to 2-chloro- 
3-substituted quinolines 8 in good yield under the same reaction conditions. 7 



ea: 



DMF, POCI 3 
A, 2 - 5 h 




N 

1 
H 

7 

When JV-substituted acylanilides 9 are treated under the same reaction conditions, 
the corresponding JV-substituted-2-quinolones 10 are isolated in high yields. 8 This 
reaction was initially misinterpreted, 9 but it has since been demonstrated to follow a 
similar mechanistic pathway to the Meth-Cohn quinoline synthesis. 8 

DMF, POCI3 /i^^s^R 2 



^rAo 




A,4h, 80-91% N ^O 

R 1 

10 



R 1 = Me, Ph; R 2 = H , Me, (CH 2 ) n CI 

9.10.3 Mechanism 6 

In the Meth-Cohn quinoline synthesis, the acetanilide becomes a nucleophile and 
provides the framework of the quinoline (nitrogen and the 2,3-carbons) and the 4-carbon 
is derived from the Vilsmeier reagent. The reaction mechanism involves the initial 
conversion of an acylanilide 1 into an cx-iminochloride 11 by the action of POCI3. The oc- 
chloroenamine tautomer 12 is subsequently C-formylated by the Vilsmeier reagent 13 
derived from POCI3 and DMF. In examples where acetanilides 1 (R 2 = H) are employed, 
a second C-formylation of 14 occurs to afford 15; subsequent cyclisation and 
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aromatisation by loss of dimethylamine finally affords the 2-chloro-3 
quinolinecarboxaldehyde product 17. Support for a mechanism involving C-formylation 
of 14 (R 2 = H) derives from the isolation of 6. These JV-aryl-3-dimethylamino-2- 
formacrylamides 6 have been successfully isolated from reaction mixtures in cases where 
the quinoline formation is slow, notably when the acetanilides bear electron-withdrawing 
groups on the aromatic ring (e.g. 1, R 1 = 4-C1), and they are clearly derived by hydrolysis 
of the iminium salt 15 on reaction work- up. Compounds 6 may themselves be efficiently 
converted to quinolines via hydrolysis to malondialdehydes 18 with aqueous ethanolic 
alkali, cyclisation to quinolones 19 with polyphosphoric acid (PPA), and subsequent 
conversion to quinolines 17 by POCl 3 . In the case of anilides 1 (R 2 * H), a second C- 
formylation is not possible and cyclisation of intermediate 14 occurs; aromatisation and 
loss of dimethylamine affords 2-chloro-3-substituted quinolines 2. 
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9.10.4 Variations and Improvements 

The Vilsmeier cyclisation of acetanilides by the conventional methods described above 
often requires long reaction times and elevated temperatures. Moreover, only activated 
acetanilides react efficiently to afford 2-chloro-3-substituted-quinolines; strongly 
deactivated systems afford mainly amidine 5 or acrylamide 6. 6 

Rajanna et al. m have recently demonstrated that acetanilides, particularly 
deactivated ones 20 {e.g. R = Br, CI, NO2), undergo rapid cyclisation in micellar media to 
afford 2-chloro-3-quinolinecarboxaldehydes 21. Cyclisation in the presence of, for 
example, 10mol% cetyl trimethylammonium bromide (CTAB) under Vilsmeier-Haack 
conditions afforded 2-chloro-3-quinolinecarboxaldehydes in good yield in 45-90 
minutes. 
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= Me (90%), OMe (86%), 
N0 2 (82%), Br (90%), CI (84%) 



Rajanna et al. also demonstrated dramatic rate enhancements when ultrasonically 



irradiated Meth-Cohn quinoline syntheses were performed; again, 
acetanilides 20 were found to undergo efficient cyclisation in good yield. 
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Gupta et al. reported that the Vilsmeier-Haack cyclisation of acetanilides 20 
using supported reagents and microwave-irradiation in solvent-free conditions is rapid 
and efficient. 12 Reaction yields are good, although only a few activated derivatives have 
been investigated. 
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It has been shown 13 that acetamidothiophenes 22 can be converted to either 
chlorothieno[2,3-fr]pyridines 23 or chlorothieno[2,3-fc]pyridinecarboxaldehydes 24 using 
POCI3 and DMF by appropriate choice of reaction conditions. However, unlike the 
acetanilides, initial ring formylation rather than side-chain formylation is believed to lead 
to the formation of the pyridine ring. These reactions have been extended to the synthesis 
of the isomeric thieno[3,2-£]- and thieno[3,4-fe]pyridines, 25 and 26, from 3- 
acetamidothiophene and 3-acetamido-2,5-dimethylthiophene, respectively. 
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In a useful extension to the Meth-Cohn quinoline synthesis, pyridoquinolin-2- 
ones 27 are readily prepared in a one-pot procedure by sequential treatment of an 
acetanilide 3, firstly with the Vilsmeier reagent from DMF and POCI3 to afford the 
intermediate 16, which is then further reacted in situ with another secondary amide. 14 
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R 2 = Et, Ph, PhCH 2 , 4-MeO-C 6 H 4 -, 4-CI-C 6 H 4 - 



By replacement of DMF with its aza-analogue, iV-nitrosodimethylamine, a 
synthetic route to quinoxalines 28 from acylanilides 3 is available. This method is, 
however, of limited synthetic value as yields are low. 15 
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9.70.5 Synthetic Utility 

The Meth-Cohn quinoline synthesis provides a versatile and reliable entry into 3- 
substituted-2-chloroquinolines with a wide variety of substrates having been 
demonstrated to be applicable. The reaction products are themselves key intermediates 
for further [fo]-annelation of various ring systems 1,16 and diverse functional group 
interconversions, as the aldehyde, chloro and substituent groups are very versatile 
'reactive handles'. 1 ' 17 Two examples demonstrating these reactions can be found in 
recent applications in medicinal chemistry, in which the Meth-Cohn quinoline synthesis 
has been a pivotal starting reaction. E-ring modified derivatives of Camptothecin 29, 
compounds having potential anti-cancer activity, were prepared using the Meth-Cohn 
quinoline synthesis as the key entry point. 18 
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„CHO steps 
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Similarly, iV-methyl-D-aspartate (NMDA) antagonists 32 with analgesic activity 
were prepared, again using the Meth-Cohn quinoline synthesis as the key entry reaction, 
subsequent functional group manipulation giving the desired target compound. 19 
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9.12.6 Experimental 
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75 °C, 16.5 h, 68% 
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2-chloro-3-quinolinecarboxaldehyde (34) : 

To an ice-cooled solution of Af.A^dimethylformamide (10.95 g, 11.6 mL, 0.15 mol) was 
added dropwise with stirring phosphoryl chloride (53.7 g, 32.3 mL, 0.35 mol). 
Acetanilide 33 (6.75 g, 0.05 mol) was then added and the reaction raised to 75 °C and 
stirred for a further 16.5 h. The reaction mixture was poured into ice-water (300 mL) and 
stirred for 0.5 h at < 10 °C. The precipitated solid was collected by filtration and washed 
well with water (100 mL), air dried and recrystallised from ethyl acetate to afford the 
product 34 (6.5 g, 68%) as a white solid, mp 148 - 149 °C; 'H NMR (de-DMSO) 8 7.60 
- 8.30 (m, 4H), 8.83 (s, 1H), 10.35 (s, 1H); IR (nujol, cm" 1 ) 1690. 
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9.11 Pfitzinger Quinoline Synthesis 

9.11.1 Description 

The Pfitzinger reaction entails the synthesis of quinoline-4-carboxylic acids 2 via 
condensation of isatic acids formed from isatins 1 and cc-methylene carbonyl compounds 
in the presence of strong aqueous bases. Subsequent decarboxylation can afford the 
corresponding quinolines. ~ 3 
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9.11.2 Historical Perspective 

In 1886 Pfitzinger reported a formal extension of the known Friedlander protocol for the 
synthesis of quinolic acids. 2 This new protocol relied on the use of isatin which is much 
more stable than the ortfio-aminoaryl intermediates that are required in the Friedlander 
quinoline synthesis. 2 In this early paper, Pfitzinger reports that upon heating of isatin 3 in 
the presence of aqueous sodium hydroxide, the former is. hydrolyzed to the isatic acid 4 
which then in the presence of acetone reacts to give aniluvitonic acid 6. 1 



a? ?° 2H 



90 2 H 

O 
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However the earliest example in the literature of a reaction that proceeds via the 
putative intermediates invoked in the Pfitzinger reaction can be traced to the formation of 
quindoline-5-carboxylic acid 10, a product of over-reduction of indigo. 2 
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In 1903 Walther and co-workers recognized that imino-nitriles show parallel 
reactivity to that for the corresponding ketones in the presence of isatin under Pfitzinger 
conditions. 2 
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9.11.3 Mechanism 

The mechanism is postulated to involve the initial formation of a Schiff base 17 from the 
condensation of the anilinic amine 16 with the carbonyl-containing substrate. This is 
followed by a Claisen condensation between the benzylic carbonyl and the activated a- 
methylene of the imine. 
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9.11.4 Variations and Improvements 

Faced with the inapplicability of the standard basic conditions required for the Pfitzinger 
condensation in the context of their study, Lackey and Sternbach developed a modified 
protocol which allows for the formation of quinolinic acids under acidic conditions. 6 
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They report that in the reaction between 5-chlorisatin 19 and 5,6-dimethoxindanone 20 
under basic conditions at reflux for 16 hours, the desired quinolinic acid 22 is obtained in 
38% yield with an unavoidable competing amount of the aldol product 21. However, if 
the same reaction is carried out using aqueous acid conditions, the quinolinic acid is 
obtained in a reproducible 86% yield. 6 
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A rate dependency was observed in the case of acid-promoted Pfitzinger 
condensation: isatins substituted with electron-withdrawing groups reacted faster than the 
corresponding isatins with less electron-withdrawing substituents. 6 

9.11.5 Synthetic Utility 

Buu-Hoi 4 ' 7 " 11 and Mueller 11 have described detailed studies on the effect of steric 
hindrance in the Pfitzinger reaction. In a systematic approach Buu-Hoi has found that 
although 2,4-dimethylacetophenone and 2,6-dimethyl-4-r-butylacetophenone both 
condense readily with isatin, when the ct-methyl group is more heavily substituted as in 
the corresponding benzyl aryl ketones, the yields drop drastically. For example 4- 
methyldesoxybenzoin gave 62% of the cinchoninic acid 26, 2,4-dimethyldesoxybenzoin a 
low yield of 27, and 2,4,6-trimethyldesoxybenzoin failed to react. 4,7 ' 8 
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25 R 1 = R 2 =R 3 =H (72%) 

26 R 1 =R 3 =H, R 2 =CH 3 (62%) 

27 R 1 =R 2 =CH3, R 3 =H (12%) 

28 R 1 =R 2 = R 3 =CH 3 (0%) 



Similarly, Mueller has shown that transposition of the methyl groups to the other 
ring of the ketones also reduces their reactivity in that reaction. For example, 29 
condensed to yield 37% of the cinchoninic acid 31, 32 was obtained in only 12%, and 33 

1112 

was not produced at all. ' 





29 
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31 R 1 =R 3 =H, R 2 =CH 3 (37%) 
3 32 R 1 =R 2 =CH 3> R 3 =H (10%) 
33 R 1 =R 2 = R 3 =CH 3 (0%) 



Besides the possibility for nefarious effects due to steric hindrance, it should also 
be pointed out that due to the involvement of strong bases or acids (as in the modified 
version), the Pfitzinger is limited to substrates with tolerant functionalities. 

9.11.5.1 With ketones 

Buu-Hoi has shown that n-alkyl methyl ketones excluding ethyl methyl ketone, yield 
primarily 2-monosubstituted cinchoninic acids. It has been demonstrated that the 
products of the condensation of isatin with aryloxyketones are the corresponding 3- 
aryloxy-4-quinoline carboxylic acids rather than the isomeric 2- 
aryloxymethylcinchoninic acids. 13 In the case of simple oc-alkoxyketones such as 1- 
alkoxyethyl methylketones, the preferred products are the 2-alkoxyalkylcinchoninic 
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acids. 14 However, in the more highly substituted homologues, the 2-alkyl-3-alkoxy 
cinchoninic acids are the preferred products of the condensation. 15 



9.11.5.2 With diversely substituted indanones 

Deady and co-workers have employed the Pfitzinger reaction extensively as a means to 
access diverse indenoquinolinecarboxylates as a part of a study on the latter' s 

16-18 



cytotoxicity. 
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For more examples, see reference 18 and papers cited within. 

9.11.5.3 With acids 

Carboxylic acids with labile a-methylene protons react with isatin in the presence of 
strong aqueous base. In the total synthesis of methoxatin, the coenzyme of methanol 
dehydrogenase and glucose dehydrogenase, Weinreb employs a Pfitzinger condensation 
of an isatin 37 and pyruvic acid as a key step to provide the 4-quinolinic acid 38 in 50% 
yield under the standard basic conditions. 19 
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9.11.6 Experimental 
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Method A: 

Condensation of Isatin 3 with Ethyl Methyl Ketone 39. 20 

A mixture of 60 g (0.408 mol) of isatin, 200 mL of 34% potassium hydroxide in diluted 
alcohol solution, 88 g (1.22 mol) of ethyl methyl ketone and 375 mL of water were 
stirred and heated under reflux for 72 hours. About 125 mL of liquid was removed by 
distillation; the residue was made slightly acidic and filtered. The filtrate was made 
strongly acidic to precipitate the reaction product, which was collected by filtration, 
washed, dried, weighed 70 g (85% yield). 




Ph 
O' 



C0 2 H 




HOAc,HCI 
105 °C, 16h 
19 92% 40 

Method B: 

6-Chloro-3-methyl-2-phenylquinoline-4-carboxylic acid 40: 6 

5-Chlorisatin (200 mg, 1.10 mmol) was slurried in glacial AcOH (3 mL) at r.t. 
Propiophenone (148 mg, 1.10 mmol) was added and the reaction mixture was placed in a 
preheated oil bath set to 75 °C. The reaction was stirred for 5 min. before the addition of 
concentrated HC1 (1.0 mL). The reaction was heated to 105 °C and stirred for 16 h. The 
reaction was then cooled to r.t. and water was added. The cream colored solid was 
collected by filtration, and was washed with EtOH (3 mL) and Et20 (6 mL). The solid 
was dried under high vacuum to afford the product (302 mg, 92 %). 
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9.12 Pictet-Gams Reaction 

9.12.1 Description 

The isoquinoline framwork is derived from the corresponding acyl derivatives of (3- 
hydroxy-P-phenylethylamines. Upon exposure to a dehydrating agent such as 
phosphorous pentaoxide, or phosphorous oxychloride, under reflux conditions and in an 
inert solvent such as decalin, isoquinoline frameworks are formed. 



OH 




NH 



A. 



P 2 5 , decalin 
reflux 




9.12.2 Historical Perspective and Mechanism 

The isoquinoline nucleus is found in many natural products 1 and is a useful template in 
medicinal chemistry. 2 The construction of the isoquinoline framework was first 
described by Pictet and Gams in 1909. 3 Their synthetic approach was used to construct 
the isoquinoline alkaloid, Berberine — a synthesis considered "classic" even though the 
final product has been identified as erroneous due to the authors unknowingly reporting 
the air oxidized side-product of Berberine. 3d From 1909 until 1977 the reaction was 
considered capricious and its popularity as a useful synthetic tool quickly diminished. 
This was due to the fact that many expected products were not isolated. Indeed, a mixture 
of regio-isomers, or rearrangement products were commonly obtained. In fact, the^ 
Bischler-Napieralski reaction was the method of choice rather than employing the Pictet- 
Gams conditions for constructing the isoquinoline framework. 

To understand the unpredictable nature of the Pictet-Gams reaction, Hartwig and 
Whaley conducted the first mechanistic studies in 1949. 4 Their work focused on 
substituent effects when directly attached to the ethylamine side chain. They also 
investigated a variety of dehydration agents in order to identify optimal reaction 
conditions. It was determined that formation of the isoquinoline structure was virtually 
impossible when alkyl or phenyl substituents were placed in the 4-position of the 
ethylamine side chain. 




P2O5 




Ri= Ethyl 
R 2 = Phenyl 



R,= Ethyl, 10% yield 
R 2 = Phenyl, 0% yield 
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Hartwig and Whaley suggested that when substituents are placed in the 4-position 
of the ethylamine side chain, an oxazoline intermediate (7) is formed; a "side reaction" 
that was first mentioned by Krabbe 5 in 1940. However, Hartwig and Whaley did not 
isolate the putative intermediate. 




P-,0 



2^5 





Hartwig and Whaley also demonstrated that increasing the size of the alkyl side 
chain off the 3-position, resulted in low yields of expected product. In fact, when Ri is 
larger than a propyl group, the expected products were not isolated (n-butyl gave a 1% of 
the corresponding isoquinoline!). Furthermore, isoquinolines were formed more 
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readily when a phenyl group was placed in the 1 -position, as compared to alkyl groups of 
comparable size (results not shown). 

In 1968 6 , the aforementioned reaction was repeated and found to produce a 
"rearranged" product (11). This was the first report of aryl migration with the Pictet- 
Gams conditions. The expected product was l-methyl-3-phenyl isoquinoline, but only 1- 
methyl-4-isoquinoline (11) was observed. Interestingly, the authors did not suggest a 
mechanism for the formation of the isolated product. 
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In 1977 Fitton 7 et al. conducted the first detailed study that shed light on the true 
mechanism of the Pictet-Gams reaction. It was postulated that all Pictet-Gams reactions 
create an oxazoline intermediate (15) by the mechanism shown below: 
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Once the oxazoline intermediate was formed, the reaction could undergo one of 
two paths or both - depending upon the type of substituent present in the 4-position of the 
phenylethylamine side chain. It was observed that when R 3 was methyl or ethyl, the 
products obtained were from path A: 

This was rationalized by the oxazoline intermediate (15), upon exposure to acid at 
high temperatures (boiling decalin (b.p. = 190 °C)), collapsing to the vinyl amide 
intermediate (16) that subsequently undergoes standard acid catalyzed ring closure to the 
corresponding isoquinoline (19). When R3 was n-propyl, a mixture of regioisomers were 
isolated (relative amounts were not listed). Therefore, if the migratory aptitude for 
substituents in the 3-position are low, then path A will prevail and the "expected" regio- 
isomer isoquinoline should be observed. 

When R3 was n-butyl, phenyl, benzyl or para-methoxybenzyl, the products 
obtained were from path B: 
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These results are rationalized by the R3 group migrating (via El mechanism) to 
the benzylic position of the oxazoline intermediate (20), causing collapse of the 
intermediate, followed by standard mechanistic protocol for isoquinoline formation (24). 
Therefore, if the migratory aptitude for substituents in the 3-position are high, then path B 
will prevail and the "opposite" regio-isomer isoquinoline should be observed. These 
mechanistic findings provided the confidence necessary for organic chemists to once 
again begin employing the Pictet-Gams reaction for organic synthesis. 

In 2000, Simig 9 et al. began to conduct structure activity relationships on 25 by 
employing the Pictet-Gams reaction. Compound 25 had been identified as an anxiolytic 
agent that does not show sedative side-effects. 8 
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However, when carrying out the synthetic route, as shown below, isoquinoline 
production was not realized. Rather, the oxazolidine intermediate (27) was isolated. 
Fortunately, an X-ray of the intermediate was obtained that proved unambiguously, that 



2-oxazolidines were an intermediate in the Pictet-Gams reaction. 



10 






The oxazolidine intermediate (27) was expected to collapse via heterolysis of the 
carbon-oxygen bond through an El mechanism, and follow the "path A" mechanism. 
However, the electronegative trifluoromethyl group destabilizes the incipient positive 
charge in the benzylic position and consequently, transformation of the oxazolidine (27) 
to the isoquinoline (29) does not occur. Simig et al. circumvented this issue by replacing 
the hydroxyl group geminal to the trifluoro group with a methoxy moiety (30), so that 
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dehydration cannot not occur. Next, the application of Bischler-Napieralski reaction 
conditions to 30, produced the desired 6-member ring intermediate 31. The lack of 
methanol elimination under 
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Bischler-Napieralski reaction conditions can be attributed, again, to the 
destabilizing ability of the trifluoromethyl group to the cationic transition state of the acid 
catalyzed elimination. 11 Formation of compound 29 was ultimately accomplished by 
base catalyzed methanol elimination-conditions; conditions that are quite unusual for 
isoquinoline formation. 

9.12.3 Synthetic Utility 

Even though the Pictet-Gams reaction requires strong acid and high temperatures to form 
the desired isoquinoline framework, it remains the method of choice when acid labile 
substituents are not present in the molecule. This is particularly true now that the 
mechanism has also been elucidated and the reaction more predictable. 

Isoquinolines have been shown to useful as artificial receptors for resorcinol. 12 
The Pictet-Gams reaction offers a short and efficient route to the complex tri- 
isoquinoline (33) artificial receptor. 
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In addition, isoquinolines have been used for receptor-mediated imaging and 
demarcation agents for certain types of cancers. 13 When the isoquinoline framework is 
attached to a cyclen-based fluorophore and then chelated with lanthanides, luminescence 
occurs, providing a good MRI contrast for receptor-mediated imaging. 
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cyclen-based fluorophore 
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9.12.4 Experimental 1 
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A mixture of 2-chloro-A^-(2-hydroxyl-l-methyl-2-phenylethyl)benzamide (44) (9.5g, 24.9 
mmol) and P2O5 in o-chlorobenzene (150 mL) was refluxed overnight. Upon completion, 
the reaction was cooled to room temperature and then chilled to °C. To the crude 
reaction mixture, 300 mL of water was cautiously added. The resulting dark solution was 
washed with toluene (2 x 50 mL). The aqueous layer was cooled to °C and 50% NaOH 
added to final pH of 11. The resulting mixture was extracted with toluene (4 x 50 mL). 
The toluene fractions were combined, dried, filtered and concentrated in vacuo. The 
residue was crystallized from benzene to afford l-(2-chlorophenyl)-3-methylisoquinoline 
(45) as a white solid (6.68g, 80%). M.P. = 107-108 °C; ^NMR (CDC1 3 ) 8 8.45 (s, 1H), 
8.11 (d, 1H), 7.85 (dt, 1H), 7.41-7.68 (bm, 6H), 2.51 (s, 3H). 
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9.13 Pictet-Hubert Reaction 

9.13.1 Description 

The Pictet-Hubert reaction describes the construction of the phenanthridine nucleus (2) 
by dehydration of acyl-o-xenylamines (1). The application of zinc chloride at high 
temperature facilitates the dehydration. 1 This reaction is also referred as the 
Morgan-Walls Reaction. 




9.13.2 Historical Perspective /Improvements 

Phenanthridine (Ri and R = H) (2) was discovered in 1889 by Pictet and Ankersmit 2 from 
pyrolysis of benzylideneaniline at "bright-red heat". Small amounts of phenanthridine 
were isolated by this method. In 1896, Pictet and Hubert described the first synthetic 
protocol for the construction of phenanthridine (unstated yield) (see Description Section 
9.13.1). The reaction conditions listed by Pictet and Hubert were not amenable to most 
substituents on the acyl-o-xenylamine framework and the reaction was not successful in 
many cases. In 1931 Morgan and Walls 3 recognized the potential therapeutic utility of the 
phenanthridine nucleus (compounds were found to exhibit trypanocidal activity), 4 and 
developed reaction conditions for the Pictet-Hubert reaction that were amenable to a 
larger number of substituents. The new conditions also improved the yield of the 
reaction. The modifications were two fold: (1) Zinc chloride was replaced with the 
strong acid, phosphorus oxychloride; and (2) Nitrobenzene (b.p. 210° C) was added as 
solvent, due to its high boiling and good ionizing properties. When these two 
modifications were utilized, phenanthridine was isolated in 42% yield. Notice that these 
conditions are extremely similar to the Bischler-Napieralski reaction conditions. 





Substituents 
R = methyl, R! = H 
R = ethyl, R, = H 
R = phenyl, Ri =H 



Product 
70% 
80% 
75% 
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There have also been reports of adding zinc chloride or tin chloride to the 
Morgan-Walls conditions to catalyze the reaction {see experimental section). 

9.13.3 Mechanism 

The mechanism of the Pictet-Walls reaction has been investigated by Ritchie. 6 Upon 
exposure of phosphorus oxychloride to the acyl-o-xenylamine (5), the iminophophorus 
oxychloride is formed (6). Upon high temperature, the imino cation (7) is envisioned to 
be produced (the counter-ion OPCI2 or CI is likely attached), followed by electrophilic 
addition of the positively charged carbon atom to the a-carbon of ring A (7). Elimination 
of the (3-proton (8) regenerates aromaticity and the phenanthridine nucleus, 9, is formed. 
The efficeincy of the cyclization, in which compound 8 can be formed, is dependant on at 
least three factors: (1) the formation of the carbonium ion; (2) the stability of the 
carbonium ion and; (3) the electron density at the heteronuclear ortho carbon atoms. 




A heteroatom (in ring A) will control the electron density at the position of ring 
closure by its inductive and resonance effects. If the substituent increases the electron 
density of the ring, then ring closure will be facilitated by the heteroatom. If the 
heteroatom decreases electron density, then the ring closure will be hindered. 

The acyl residue controls the formation and stability of the carbonium ion. If the 
carbonium ion is destabilized (by electron withdrawing groups), then cyclization to the 
phenanthridine nucleus will be sluggish. The slower the rate of cyclization, the greater 
the chance of side reactions with the cyclization reagent. Therefore, the yield of the 
phenanthridine will depend on the relative rates of cyclization and side reactions, which 
is controlled by the stability of the carbonium ion. 
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9.13.4 Synthetic Utility 

The synthetic utility of the Pictet-Hubert reaction is limited. This is due to the 
requirement of having a substituent in the para position of the "A" ring (10) or no 
substituent on the "A" ring. Substituents present in the meta position of the "A" ring (12) 





10 



11 



can cause loss of regioselectivity during ring closure since cyclization can occur ortho 
(14) or para (13) relative to the meta substituent. Both regioisomers are usually obtained 
in a 1:1 ratio. 





12 



13 




14 



The formation of the ortho regioisomer can be enhanced if electrostatic attraction 
between the carbonium ion and the meta substituent on the "A" ring can be 
accommodated. 7 

The Pictet-Hubert reaction has found utility in the production of phenanthridine 
molecules that act as DNA-intercalator antitumor and antiviral agents (17). ' 9 





POCI 3 



16 



nitrobenzene 




17 



The phosphorus oxychloride / nitrobenzene conditions were sometimes replaced 
with polyphosphoric acid at 150°C. R groups used in the study were: H, Ph, o-aza, o-Cl, 
m-aza, m-C\, p-aza, p-F, p-C\, p-Br, p-l, p-OMe, p-OH, p-N0 2 , p-NH 2 , p-NHCOMe, p- 
NHSO2MC The yield of the cyclization step was not specified. 
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9.13.5 Experimentaf 




N0 2 2 N 

nitrobenzene, POCI 3 

^ 

SnCI 4 , 98% 




l-(3-cyanobenzamido)-3,8-dinitrobiphenyl (18) (6.63 g, 16.20 mmol) and phosphorus 
oxychloride (2.08 mL, 22.68 mmol) in nitrobenzene (40 mL) were refluxed for lh; then 
tin chloride (0.38 mL, 3.24 mmol) was added. After 2h, the solution was cooled and 
triturated with boiling anhydrous ethanol (120 mL) for 10 min. After filtration, the solid 
product was washed with hot anhydrous ethanol to yield 9-(3-cyanophenyl)-2,7- 
dinitrophenanthridine (19) in 98% yield. M. P. = 302-304°C; J H NMR (de-DMSO) 8 
9.38 (1H, d, J = 8.9), 9.29 (1H, d, J = 9.1), 8.98 (1H, d, J = 2.3), 8.95 (1H, dd, J = 8.9, 
2.2), 8.80 (1H, d, J = 2.2), 8.64 (1H, dd, J = 9.1, 2.3), 8.40 (1H, bs), 8.26 (1H, d, J = 
7.7), 8.23 (1H, d, J = 7.7), 7.97 (1H, t, J = 7.7). 
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9.14 Pictet-Spengler Isoquinoline Synthesis 

9.14.1 Description 

The Pictet-Spengler reaction is one of the key methods for construction of the 
isoquinoline skeleton, an important heterocyclic motif found in numerous bioactive 
natural products. This reaction involves the condensation of a P-arylethyl amine 1 with 
an aldehyde, ketone, or 1 ,2-dicarbonyl compound 2 to give the corresponding 
tetrahydroisoquinoline 3. 1 These reactions are generally catalyzed by protic or Lewis 
acids, although numerous thermally-mediated examples are found in the literature. 
Aromatic compounds containing electron-donating substituents are the most reactive 
substrates for this reaction. 



R 


<y^\ 


+ 



R 1 ^R 2 

2 


acid 


R li ^^NH 
R 1 R 2 
3 




K^ NH 2 
1 


or 
heat 



R = H, hydroxy, alkoxy, alkyl 
Ri, R 2 = H, alkyl, Ar, carbonyl 

This reaction is also a key method for the formation of tetrahydro-P-carbolines 5 
from indole bases 4 and aldehydes, ketones, or 1,2-dicarbonyl compounds 2. 2 ~ 5 These 
reactions are similarly acid-catalyzed or thermally-induced and have been utilized in the 
synthesis of numerous indole alkaloids. 
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R = H, hydroxy, alkoxy, alkyl 
Ri, R 2 = H, alkyl, Ar, carbonyl 

9.14.2 Historical Perspective 

In 1911, Ame Pictet and Theodor Spengler reported that p-arylethyl amines condensed 
with aldehydes in the presence of acid to give tetrahydroisoquinolines. 6 Phenethylamine 6 
was combined with dimethoxymethane 7 and HC1 at elevated temperatures to give 
tetrahydroisoquinoline 8. Soon after, the Pictet-Spengler reaction became the standard 
method for the formation of tetrahydroisoquinolines. 
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NH 



A few years later, Tatsui developed this process for use with indole bases and 
prepared l-methyl-l,2,3,4-tetrahydro-P-carboline 11 from tryptamine 9 and acetaldehyde 
10 under acid catalysis. 7 




NH ? 






H,C H 
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H 2 S0 4 
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NH 



CH, 



9.14.3 Mechanism 

The Pictet-Spengler reaction is an acid-catalyzed intramolecular cyclization of an 
intermediate imine of 2-arylethylamine, formed by condensation with a carbonyl 
compound, to give 1,2,3,4-tetrahydroisoquinoline derivatives. This condensation 
reaction has been studied under acid-catalyzed and superacid-catalyzed conditions, and a 
linear correlation had been found between the rate of the reaction and the acidity of the 
reaction medium. 8 Substrates with electron-donating substituents on the aromatic ring 
cyclize faster than the corresponding unsubstituted compounds, supporting the idea that 
the cyclization process is involved in the rate-determining step of the reaction. 

Under acidic conditions, imine 12 is protonated to give the iminium ion 13 which 
undergoes an electrophilic aromatic substitution reaction to form the new carbon-carbon 
bond. Rapid loss of a proton and concomitant re-aromatization gives the 
tetrahydroisoquinoline 14. 



H 4 





12 



13 





The Pictet-Spengler condensation of indole bases and carbonyl compounds to 
form (3-carbolines involves a slightly different mechanism than the isoquinoline 
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synthesis. Under acidic conditions, imine 15 is protonated to give the iminium ion 16 
which then can cyclize to give two different cationic intermediates. A 5-endo-trig 
cyclization onto C(3) of the indole ring gives the spiroindolenine 17. Alternatively, a 6- 
endo-trig cyclization onto C(2) gives the p-carboline carbonium ion 18. Deuterium 
labeling studies of a closely related system provided direct evidence that the spiro 
intermediate is involved in the Pictet-Spengler condensation reaction, and that its 
formation is fast and reversible. 5 ' 9 ' 10 It is unclear whether carbonium ion 18 is formed 
from a direct attack at the indole 2-position by the iminium cation 16 or if this 
intermediate results from a rearrangement of spiroindolenine 17. u Loss of a proton 
results in the formation of (3-carboline 19. 

R 2 
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N-H 



Co 



N 
R3 

15 



,3 fr 
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R 3 R 1 
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9.14.4 Variations and Improvements 

The Pictet-Spengler reaction has been carried out on various solid support materials' 
and with microwave irradiation activation. 18-20 Diverse structural analogues of (-)- 
Saframycin A have been prepared by carrying out the Pictet-Spengler isoquinoline 
synthesis on substrates attached to a polystyrene support. 21 Amine 20 was condensed with 
aldehyde 21 followed by cyclization to give predominantly the cis isomer 
tetrahydroisoquinoline 22 which was further elaborated to (-)-Saframycin A analogues. 



S ,CXCH 2 ) V ^ 
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A^NHFmoc 
?CH 3 + Ipy 

H 3 CO^f^i 



OTBS 
OCH 3 



CH 3 
21 



1.DMF,23°C 



2. LiBr, DME, 35 °C 
cis:trans 7 : 1 
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22 



TBSO 



OCH a 




OCH 3 



(-)-Saframycin A 
Analogues 



One complication of the Pictet-Spengler condensation of benzylisoquinolines 24 
is regiochemical control in the closure of ring C when activating substituents are present 
on the D ring. Experimentally, the ring-closure reaction yields predominantly the 10,1 1- 
disubstituted product 23 rather than the 9,10-disubstituted product 25. 22 




1 0, 1 1 -disubstitution 



2' ring 
closure 

minor 




9,10-disubstitution 



This problem has been circumvented by utilizing the i/wo-directing capability of a 
silicon substituent at the 2' position of the D ring to facilitate ring closure at this 
position. 22,23 Benzylisoquinoline 26 condensed with formaldehyde to give predominantly 
product 28 when R = H. However, when R = SiMe3, 27 was the only product observed 
and was isolated in excellent yield. 23 Several members of the protoberberine family of 
natural products have been synthesized using this strategy. 




OMe 




OMe 




OMe 



24 



„26 



Thioorthoesters, a-chloro-a-phenylthioketones, and perhydro-l,3-hetero- 



cycles have found utility as synthetic equivalents of aldehydes in the Pictet-Spengler 
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condensation reaction. Oxazinane 29 was combined with N-benzyl-L-tryptophan methyl 
ester 30 in the presence of trifluoroacetic acid to give the tetrahydro-(3-carboline 31 in 
good yield as predominantly the trans diastereomer. 

CXXH 2 C0 2 Et ^ ^^ /^COgMe 

KjK^y NHBn TFA N : 

^^ N 

68% 

30 




CH 2 C0 2 Et 
31 



93:7 
trans : cis 

The oxa-Pictet-Spengler reaction has been used with success to prepare 
dihydrofurano[2,3-c]pyrans 27 and isochromans 28 from l-(3-furyl)alkan-2-ols and 2-(3',4'- 
dihydroxy)phenylethanol, respectively. Furanyl alcohol 32 reacted with 

isobutyraldehyde 33 in the presence of p-toluenesulfonic acid to give the corresponding 
cw-5,7-diisopropyl 4,5-dihydro-7H-furano[2,3-c]pyran 34 in good yield. 2 



PTSA 



27 






H 76% ^ . 

33 ' 34 

A formal Pictet-Spengler condensation to give 2,3-dihydro-l# r -2-benzazepine-3- 
carboxylic acid 36 was achieved in quantitative yield via a sigmatropic rearrangement of 
c2*s-2,3-methanophenylalanine 35 in the presence of paraformaldehyde and hydrochloric 
acid at room temperature. 29 It is interesting to note that homophenylalanine 38 did not 
cyclize to give 37, even under vigorous reaction conditions. 




9.14.5 Synthetic Utility 
9.14.5.1 Stereochemical control 

Several factors influence the diastereoselectivity of the Pictet-Spengler condensation to 
form 1,3-disubstituted and 1,2,3-trisubstituted tetrahydro-|3-carbolines (39 and 40, 
respectively). The presence or absence of an alkyl substituent on the nitrogen of 
tryptophan has a large influence on the relative stereochemistry of the tetrahydro-f}- 
carboline products formed from a condensation reaction with an aldehyde under various 
reaction conditions. 



474 Named Reactions in Heterocyclic Chemistry 



3^R 3 

2. 





N' ^rf 
H 



1 
1 



39 FT = H 

40 R 2 = alkyl 

For the kinetically controlled formation of 1,3-disubstituted tetrahydro-(3- 
carbolines, placing both substituents in equatorial positions to reduce 1,3-diaxial 
interactions resulted in the cw-selectivity usually observed in these reactions. 11 
Condensation reactions carried out at or below room temperature in the presence of an 
acid catalyst gave the kinetic product distribution with the m-diastereomer being the 
major product observed, as illustrated by the condensation of L-tryptophan methyl ester 
41 with benzaldehyde. At higher reaction temperatures, the condensation reaction was 
reversible and a thermodynamic product distribution was observed. Cis and trans 
diastereomers were often obtained in nearly equal amounts suggesting that they have 
similar energies. 11 

C °2 Me crm™ ^ ^^C0 2 Me ^ ^^C0 2 Me 

/« * (xxy 

ph h Ph 



r— Phenol fwr fr-rr 

***V NH * aprotic solvent K^ N \-^ + l^Jk^NH 



H 

... Temp. (°C) cisltrans 

80 37:63 

23 78:22 

-70 83:17 

Conversely, when JV-alkyl tryptophan methyl esters were condensed with 
aldehydes, the trans diastereomers were observed as the major products. 11 ' 30 X-ray 
crystal structures of 1,2,3-trisubstituted tetrahydro-P-carbolines revealed that the CI 
substituent preferentially adopted a pseudo-axial position, forcing the C3 substituent into 
a pseudo-equatorial orientation to give the kinetically and thermodynamically preferred 
trans isomer. 11 As the steric size of the CI and N2 substituents increased, the selectivity 
for the trans isomer became greater. N-alkyl-L-tryptophan methyl ester 42 was 
condensed with various aliphatic aldehydes in the presence of trifluoroacetic acid to give 
predominantly the trans isomers. 30 
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Stereoselectivity in the condensation reaction of 2-arylethylamines with carbonyl 
compounds to give 1,2,3,4-tetrahydroisoquinoline derivatives was somewhat dependent 
on whether acid catalysis or superacid catalysis was invoked. Particularly in the cases of 
2-alkyl-N-benzylidene-2-phenethylamines, an enhanced stereoselectivity was observed 
with trifluorosulfonic acid (TFSA) as compared with the weaker acid, trifluoroacetic acid 
(TFA). 31 Compound 43 was cyclized in the presence of TFA to give modest to good 
translcis product ratios. The analogous compound 44 was cyclized in the presence of 
TFSA to give slightly improved translcis product ratios. 
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9.14.5.2 Asymmetric variations 

One of the most common methods for introducing asymmetry into a Pictet-Spengler 
condensation reaction is to append a non-racemic auxiliary onto the indole amine or 
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phenethylamine substrate. Various amino acids, 32-34 Af.N-phthaloyl amino acids, 35 and cc- 
arylethyl groups 36-38 have been utilized as asymmetric auxiliary substituents in the 
condensation reaction. Carbamates derived from (-)-8-phenylmenthyl, such as 
compound 45, reacted with several aliphatic aldehydes to give the condensation products 
in good yield and good diastereoselectivity. 39 



RCHO 

TMSCI 
DCM 
-30 °C 



R = Me, Et, APr, n-Bu, oHex 
Yields = 72-97% 
d.e.'s = 69-90% 

iV-sulfinyl chiral auxiliaries have been used to prepare enantiopure tetrahydro-|3- 
carbolines 40 and tetrahydroisoquinolines 41 in good yields under mild reaction conditions. 
Both enantiomers of N-p-toluenesulfinyltryptamine 46 could be readily prepared from the 
commercially available Andersen reagents. 2 Compound 46 reacted with various aliphatic 
aldehydes in the presence of camphorsulfonic acid at -78 °C to give the iV-sulfinyl 
tetrahydro-|3-carbolines 47 in good yields. The major diastereomers were obtained after a 
single crystallization. Removal of the sulfinyl auxiliaries under mildly acidic conditions 
produced the tetrahydro-P-carbolines 48 as single enantiomers. 



^ 





-78 °C 
46 47 




H 6 \. CSA H J d - v BOH H fi 




yields: 57-63% 



48 

R = alkyl 
e.e.'s > 98% 



9.14.5.3 Natural product synthesis 

The Pictet-Spengler condensation has been of vital importance in the synthesis of 
numerous p-carboline and isoquinoline compounds in addition to its use in the formation 
of alkaloid natural products of complex structure. A tandem retro-aldol and Pictet- 
Spengler sequence was utilized in a concise and enantioselective synthesis of 18- 
pseudoyohimbone. 43 Amine 49 cyclized under acidic conditions to give the condensation 
product 50 in good yield. Deprotection of the ketone produced the indole alkaloid 51. 
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(-)-Eburnamonine was assembled utilizing a Pictet-Spengler cyclization of 
hydroxy-lactam 52 in the presence of trifluoroacetic acid at low temperature to give a 
mixture of diastereomers 53 in 95% yield. 44 These compounds were readily separated by 
chromatography and the cc-epimer was further elaborated to give the natural product. 




(-)-Eburnamonine 



Model studies directed toward the synthesis of Ecteinascidin 743 employed an 
elegant Pictet-Spengler cyclization of phenethylamine 54 and the 1,2-dicarbonyl 
compound 55 to assemble the spiro tetrahydroisoquinoline 56 in a stereospecific 
fashion. 45 ' 46 The silica-catalyzed condensation reaction provided 56 in excellent yield. 
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9.14.6 Experimental 



NHMe (CH 2 0) n MeO' 

- /-PrO 

aq. HCI, EtOH 

75% 



(4S)-4-Isopropoxyphenyl-5-isopropoxy-6-methoxy-2-methyl-l,2,3,4- 
tetrahydroisoquinoline (58): 47 

A solution of amine 57 (300 mg, 0.84 mmol) and formaldehyde (37%, 2.17 mL) in EtOH 
(15 mL) was acidified with 0.7 mL of concentrated aqueous HCI. The mixture was 
heated to reflux for 6 h. The solvent and excess reagent were removed by rotary 
evaporation and the residue was dissolved in CHCI3 (20 mL) and treated successively 
with a solution of aqueous ammonia 10% (20 mL), water (20 mL), and brine (20 mL). 
The dried solution (Na2SC>4) was subjected to rotary evaporation and the residual solid 
was purified by flash column chromatography with CHCVMeOH (93 : 7) as eluent to 
afford 58 as a pale yellow oil (232 mg, 75%). [a] D 20 = -3.4 (c 0.76, CHC1 3 ). *H NMR 
(CDCI3) 8 0.81 (d, J = 6.1 Hz, 3H), 1.09 (d, J = 6.1 Hz, 3H), 1.29 (d, / = 6.0 Hz, 6H), 
2.32 (s, 3H), 2.60 - 2.71 (m, 2H), 3.35 (d, J = 14.3 Hz, 1H), 3.75 (s, 3H), 3.80 (d, / = 
14.3 Hz, 1H), 4.49 (sept, J = 6.0 Hz, 1H), 4.60 (sept, J - 6.1 Hz, 1H), 6.74 (d, J = 8.6 Hz, 
1H), 6.78 (s, 4H), 7.05 (d, J= 8.6 Hz, 1H). 

9.14.7 References 

1 . [R] Rozwadowski, M. D. Heterocycles 1994, 39, 903. 

2. [R] Hino, T. ; Nakagawa, M. Heterocycles 1998, 49, 499. 

3. [R] Czerwinski, K. M.; Cook, J. M. Adv. tteterocycl Nat. Prod. Synth. 1996, 3, 217. 

4. [R] Cox, E. D.; Cook, J. M. Chem. Rev. 1995, 95, 1797. 

5. [R] Ungemach, F.; Cook, J. M. Heterocycles 1978, 9, 1089. 

6. Pictet, A.; Spengler, T. Ber. 1911, 44, 2030. 

7. Tatsui, G. J. Pharm. Soc. Jpn. 1928, 48, 92. 

8. Yokoyama, A.; Ohwada, T.; Shudo, K. J. Org. Chem. 1999, 64, 611. 

9. Bailey, P. D.; J. Chem. Res., Synop. 1987, 202. 

10. Bailey, P. D.; Tetrahedron Lett. 1987, 28, 5181. 

11. Bailey, P. D.; Hollinshead, S. P.; McLay, N. R.; Morgan, K.; Palmer, S. J.; Prince, S. N.; Reynolds, C. D.; 
Wood, S. D. J. Chem. Soc, Perkin Trans. 1 1993, 431. 

12. T6th, G. K.; Kele, Z.; Fulop, F. Tetrahedron Lett. 2000, 41, 10095. 

13. Connors, R. V.; Zhang, A. 1; Shuttleworth, S. J. Tetrahedron Lett. 2002, 43, 6661. 

14. Wu, T. Y. H.; Schultz, P. G. Org. Lett. 2002, 4, 4033. 

15. Bonnet, D.; Ganesan, A. J. Comb. Chem. 2002, 4, 546. 

16. Orain, D.; Canova, R.; Dattilo, M.; Kloppner, E.; Denay, R.; Koch, G.; Giger, R. Synlett 2002, 1443. 

17. Grimes, J. H. Jr.; Angell, Y. M.; Kohn, W. D. Tetrahedron Lett. 2003, 44, 3835. 

18. Wu, C.-Y.; Sun, C.-M. Synlett 2002, 1709. 

19. Srinivasan, N.; Ganesan, A. Chem. Commun. 2003, 916. 

20. Pal, B.; Jaisankar, P.; Giri, V. S. Synth. Commun. 2003, 33, 2339. 

21. Myers, A. G.; Lanman, B. A. J. Am. Chem. Soc. 2002, 124, 12969. 

22. Cutter, P. S.; Miller, R. B.; Schore, N. E. Tetrahedron 2002, 58, 1471. 



Chapter 9 Quinolines and Isoquinolines 479 



23. Miller, R. B.; Twang, T. Tetrahedron Lett. 1988, 29, 6715. 

24. Silveira, C. C; Bernardi, C. R.; Braga, A. L.; Kaufman, T. S. Tetrahedron Lett. 2003, 44, 6137. 

25. Silveira, C. C; Bernardi, C. R.; Braga, A. L.; Kaufman, T. S. Tetrahedron Lett. 2001, 42, 8947. 

26. Singh, K.; Deb, P. K.; Venugopalan, P. Tetrahedron 2001, 57, 7939. 

27. Miles, W. H.; Heinsohn, S. K.; Brennan, M. K.; Swarr, D. T.; Eidam, P. M.; Gelato, K. A. Synthesis 2002, 
1541. 

28. Guiso, M.; Marra, C; Cavarischia, C. Tetrahedron Lett. 2001, 42, 6531. 

29. Martins, J. C; Rompaey, K. V.; Wittmann, G.; Tomboly, C; T6th, G.; Kimpe, N. D.; Tourw6, D. J. Org. 
Chem. 2001, 66, 2884. 

30. Czerwinski, K. M.; Deng, L.; Cook, J. M. Tetrahedron Lett. 1992, 33, 4721. 

31. Nakamura, S.; Tanaka, M.; Taniguchi, T.; Uchiyama, M.; Ohwada, T. Org. Lett. 2003, 5, 2087. 

32. Schmidt, G.; Waldmann, H.; Henke, H.; Burkard, M. Chem. Eur. J. 1996, 2, 1566. 

33. Siwicka, A.; Wojtasiewicz, K.; Leniewski, A.; Maurin, J. K.; Maurin, J. K; Czarnocki, Z. Tetrahedron: 
Asymmetry 2002, 13, 2295. 

34. Zawadzka, A.; Leniewski, A.; Maurin, J. K.; Wojtasiewicz, K.; Siwicka, A.; Blachut, D.; Czarnocki, Z. Eur. 
J. Org. Chem. 2003, 2443. 

35. Waldmann, H.; Schmidt, G.; Henke, H.; Burkard, M. Angew. Chem. Int. Ed. Engl. 1995, 34, 2402. 

36. Soe, T.; Kawate, T.; Fukui, N.; Hino, T.; Nakagawa, M. Heterocycles 1996, 42, 347. 

37. Kawate, T.; Yamanaka, M.; Nakagawa, M. Heterocycles 1999, 50, 1033. 

38. Jiang, W.; Sui, Z.; Chen, X. Tetrahedron Lett. 2002, 43, 8941. 

39. Tsuji, R.; Nakagawa, M.; Nishida, A. Tetrahedron: Asymmetry 2003, 14, 177. 

40. Gremmen, C; Willemse, B.; Wanner, M. J.; Koomen, G.-J. Org. Lett. 2000, 2, 1955. 

41. Gremmen, C; Wanner, M. J.; Koomen, G.-J. Tetrahedron Lett. 2001, 42, 8885. 

42. Solladie, G.; Hutt, J.; Girardin, A. Synthesis 1987, 173. 

43. Miyazawa, N.; Ogasawara, K. Tetrahedron Lett. 2002, 43, 4773. 

44. Wee, A. G. H.; Yu, Q. J. Org. Chem. 2001, 66, 8935. 

45. Zhou, B.; Guo, J.; Danishefsky, S. J. Org. Lett. 2002, 4, 43. 

46. Corey, E. J.; Gin, D. Y.; Kania, R. S. J. Am. Chem. Soc. 1996, 118, 9202. 

47. Couture, A.; Deniau, E.; Grandclaudon, P.; Lebrun, S. Tetrahedron: Asymmetry 2003, 14, 1309. 

Jennifer M. Tinsley 



480 



Named Reactions in Heterocyclic Chemistry 



9.15 Pomeranz-Fritsch Reaction 



9.15.1 Description 

The Pomeranz-Fritsch reaction involves the preparation of isoquinolines 4 via the acid- 
mediated cyclisation of the appropriate aminoacetal intermediate 3. 1 " 2 The best yields are 
usually obtained when the benzaldehyde portion 1 has electron-donating substituents in 
the 3- or 3,4- positions relative to the aldehyde. 
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Of the well-known methods to prepare isoquinolines, including the Pictet- 
Spengler and Bischler-Napieralski cyclisation, the Pomeranz-Fritsch reaction is the only 
direct generally accepted method for the construction of the fully unsaturated 
isoquinoline ring system. 

9.15.2 Historical perspective 

Toward the end of the 19* century both Pomeranz and Fritsch independently reported the 
preparation of isoquinolines by the reaction of aminoacetaldehyde dimethyl acetal 2 (R = 
Me) with aromatic aldehydes 1 followed by cyclisation in acidic media. 3 " 4 Unfortunately 
yields were often poor and not always reproducible. This has prompted the search for 
various improvements and modifications on the original theme, including the use of 
reagents other than strong mineral acid which tends to destroy the intermediate imine. 5 

9.15.3 Mechanism 

The most plausible mechanism involves condensation between aldehyde 1 and amine 5 to 
give the corresponding imine 6. Cyclisation and subsequent elimination yields the fully 
unsaturated isoquinoline ring structure 4. 
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9.15.4 Variations and Improvements 
9.15.4.1 Bobbin variation 

The Bobbitt modification is the most widely used variation of the Pomeranz-Fritsch 
reaction. This modification involves cyclisation of benzylaminoacetal 10, usually 
prepared from the classical Pomeranz-Fritsch imine 9, to yield 4-hydroxy derivatives 11. 
The success of this method can be attributed to avoiding treatment and thus (partial) 
destruction of imine 10 under strongly acidic conditions. 
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9.15.4.2 Jackson variation 

The Jackson modification involves cyclisation of N-tosylated amine 12 and provides a 
complementary method to the classical Pomeranz-Fritsch reaction for entry into the fully 
unsaturated ring system 13. Amine 12 can be prepared from either the Pomeranz- 
Fritsch-Bobbitt imine 10 or reaction of benzylhalide 14 and the corresponding sodium 
anion 15. 6 
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9.15.4.3 Schlittler-Muller variation 

The Schlittler-Muller variation of the Pomeranz-Fritsch reaction involves reaction of 
diethoxyethanal 17 with benzylamine 16 to prepare the desired imine 18. Intermediate 18 
is subsequently cyclised to substituted isoquinoline 19. The advantage here lies in the 
fact that the initial condensation can still take place between an aldehyde and an amine. 
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9.15.5 Synthetic utility 

9.15.5.1 Classical Pomeranz-Fritsch 

A number of Lewis acids have been utilized in the Pomeranz-Fritsch reaction, 
including polyphosphoric acid and boron trifluoride-trifluoroacetic anhydride. 5 Under 
the latter conditions yields were best when electron-donating groups were present in the 
3- or 3, 4- position of imine 20, whereas unactivated aldehydes failed to cyclise at all. 5 



Ri 
R 2 



EtO„ OEt 




BF, 



20 H 



(CF 3 CO) 2 




21 



Ri = OMe R 2 = OMe 60-82 % 
R! = H R 2 = OMe 73 % 

R 1 = H R 2 = H % 



In another example reaction of aldehyde 22 and amine 23 gave imine 24 which 
cyclised under strongly acidic conditions to yield the corresponding isoquinoline 25 in 
good yield. It is interesting that the aldehyde portion 22 is not benzaldehyde derived. 
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9.15.5.2 Bobbitt variation 

4-Hydroxyquinoline 28 was synthesized in excellent yield via cyclisation of the 
appropriate Pomeranz-Fritsch-Bobbitt imine 27. 8 The desired amine 27 was prepared 
via hydride reduction of the classical Pomeranz-Fritsch imine. 




The Pomeranz-Fritsch-Bobbitt reaction has been utilized for the preparation of 4- 
hydroxy tetrahydroisoquinoline 31 in excellent yield. 9 In this example 2,5-disubstituted 
benzaldehyde 29 has been successfully used as the reacting partner. 
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A concise total synthesis of (7?)-Reticuline has been reported using the Pomeranz- 

10-11 



Fritsch-Bobbitt reaction to synthesize tetrahydroisoquinoline portion 35. Pomeranz 

ithcl 



Fritsch-Bobbitt imine 34 was prepared by reacting amine 33 with chiral epoxide 32 

MeO„ OMe 




The Pomeranz-Fritsch-Bobbitt cyclisation of activated amino-acetal 38 yielded 
the desired 4-hydroxyquinoline 39 in acceptable yield. The non-obvious regioselectivity 
of the cyclisation can be attributed to the overriding para-directing effect of alkoxy 



groups. 



SMeOH 




Condensation between aldehyde 40 and amine 29 followed by sodium 
borohydride reduction of the resultant imine and cyclisation yielded isoquinoline 41 in 
good yield. 13 Cyclisation occurred exclusively at the more electron-rich aromatic group. 
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Treatment of substituted pyrollidinone 42 with a Lewis acid, rather than simple 
protic acid, lead to a Pomeranz-Fritsch-Bobbitt type condensation to yield indolizinone 
43 as a single diastereomer. 14 
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Incorporation of a stereogenic center adjacent to the nitrogen of the isoquinoline 
ring has been achieved by the asymmetric addition of methyl lithium to prochiral 
iminoacetal 44 in the presence of chiral ligand 45. Unfortunately only modest 
enantiomeric excesses were achieved with a high loading of the chiral ligand. 15 
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9.15.5.3 Jackson variation 

Tosylation of secondary amine 48 gave desired precursor 49 which was cyclised under 
prolonged acidic conditions to yield a mixture of linear and angular fully unsaturated 
isoquinolines 50 and 51. 16 
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9.15.5.4 Schlittler-Muller variation 

2,7-Diazaphenanthrene 53 has been prepared via the Schlittler-Muller variation of the 
Pomeranz-Fritsch reaction in moderate yield. 17 
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9.15.6 Experimental 1 

Aldehyde 22 and aminoacetaldehyde dimethyl acetal 23 (3eq.) were heated to reflux in 
toluene (Dean-Stark apparatus) until all of the starting material was consumed. The 
crystalline product was collected and washed with solvent to yield imine 24, which was 
used without further purification. 

Imine 24 was dissolved in sulfuric acid and the solution heated at 60 °C for 2h. 
The mixture was poured into cold water and the precipitate collected, washed with water 
and recrystallized from methanol to yield 25. 
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9.16 Riehm Quinoline Synthesis 

9.16.1 Description 

The Riehm synthesis involves the formation of quinolines via the reaction of an aniline 
hydrochloride salt and a ketone. ~ 
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9.16.2 Historical Perspective 

In 1885 Riehm and Engler discovered that 2,4-dimethylquinoline could be synthesised by 
heating aniline hydrochloride with acetone over several days. 1 

9.16.3 Mechanism 

The mechanism inevitably involves the loss of water and, remarkably, methane. The 
yields are usually low due to the high temperatures required for this transformation to 
occur. If the 1,2-dihydroquinoline is isolated the aromatization can be performed in a 
separate step under acidic or basic conditions. " 
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9.17 Skraup/Doebner-von Miller Reaction 

9.17.1 Description 

The Skraup reaction involves the synthesis of quinoline 3 from the reaction of aniline 1 
and glycerol 2 in the presence of a strong acid and an oxidant. 





[O] 



9.17.2 Historical Perspective 

In 1880 Skraup discovered that quinoline could be synthesised by heating aniline, 
glycerine, sulfuric acid and an oxidizing reagent. 1 " 2 A year later Doebner and von Miller 
generalized Skraup's method for the synthesis of substituted quinolines by substituting 
1,2-glycols or oc,|3-unsaturated aldehydes for glycerol. 3 As crotonaldehyde is probably an 
intermediate in the Skraup reaction, there is little difference between the two variants; as 
such they have been combined into one chapter. 

9.17.3 Mechanism 

Skraup proposed a simple mechanism involving imine formation followed by an acid- 
mediated cyclization. 1 Unfortunately the observed regioselectivity is not consistent with 
the proposed mechanism when, for example, electron-rich aniline 4 reacts with oc,|3- 
unsaturated aldehyde 5 to give quinoline 6. 4 

OMe ^ OMe OMe 
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70°C,0.5h 

57 % QMe OMe 



Bischler has suggested that anilines undergo 1,4-addition followed by dehydration 
which would explain the inherent regioselectivity. 5 Mechanistic studies suggest that the 
reaction involves the reversible formation of diazetidinium ions 7 and there irreversible 
cyclization to quinolines. 6 

9.17.4 Variations and Improvements 

Many people view the Skraup/Doebner-von Miller reaction as the worst 'witch's brew' of 
all the heterocyclic syntheses. The reaction can be violently exothermic. A variety of 
oxidizing reagents and additives have been added in an effort to improve yields, 
including iron (III) and tin (IV) salts, nitrobenzenes, iodine and various acids such as 
boric and arsenic. Cohn's conditions for the Skraup reaction using an iron salt and boric 
acid in concentrated sulfuric acid are frequently employed. 7 
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9.17.5 Synthetic utility 

9.17.5.1 Classical Skraup/Doebner-von Miller reaction — Quinolines 

The preparation of 3-alkyl quinolines by traditional Skraup/Doebner-von Miller reaction 
typically results in very low yields. 8 When ethylacrolein (9) is condensed with m- 
toluidine (8) under typical Skraup/Doebner-von Miller conditions, the yield of 10 is only 
25%, compared to 65% with di-acetyl acetal 11. 




One of the drawbacks of the Skraup/Doebner-von Miller reaction is the isolation 
of the desired product from the starting aniline and co-formed alkyl anilines and 1,2,3,4- 
tetrahydroquinaldine. 9 Isolation can be simplified greatly by addition of one equivalent 
of zinc chloride at the end of the reaction; all of the basic products were precipitated. 
Washing the brown solids with 2-propanol removed all impurities and left the desired 
quinoline as a 2: 1 complex with zinc chloride in yields of 42-55%. 
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Using Cohn's conditions fluorinated quinoline 16 was synthesized from the 



10 



corresponding aniline 14. The yield was significantly improved when nitrobenzene was 
replaced by m-nitrobenzenesulfonic acid 15. 

F 




OH 



14 



NH 2 



H 2 S0 4 
FeS0 4 , H3BO3 

» 

SO3H 

6l 15 

^"no 2 




80% 



Reaction of anilines 17 or 19 under similar reaction conditions gave the angular 
quinolines 18 and 20 respectively as the sole products. 11 
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Acetylated aniline 21 was reacted under Skraup/Doebner-von Miller conditions 
in the presence of an arsenic salt to yield quinoline 22 with concurrent displacement of 
fluorine. 12 
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A variety of oxidants have been used in the Skraup/Doebner-von Miller reaction 
between anilines and cc,P-unsaturated aldehydes. For example, aniline 23 was reacted 
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with 2-bromoacrolein in the presence of bromine to yield the corresponding quinoline 25 
in high yield. 13 
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The yield of substituted quinoline 27 was substantially improved when p-chloranil 



was used as the oxidant 



14 
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3-Fluoroaniline 28 was reacted with crotonaldehyde 5 under similar 
Skraup/Doebner-von Miller conditions to yield quinoline 29 in good yield. 15 
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The yields of Skraup/Doebner-von Miller reaction can be dramatically improved 
by running the reaction as a two-phase mixture. 16 Reaction of crotonaldehyde with 30 in 
acidic ethanol provides only 10% of quinoline 31. However, when a toluene solution of 
crotonaldehyde is reacted with 30 (starting as the acetanilide) in 6M HCI at 100 °C for 2 
h, quinoline 31 is isolated in 80% yield on 5kg scale. 
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31 



In addition to two-phase conditions, phase transfer catalysts have been used to 
improve the Skraup/Doebner-von Miller reaction. 17 Condensation of 32 with 5 in a two- 
phase system of toluene/con HCI provides 33 in 47% yield. Addition of 5 mol% tetm-n- 
butyl ammonium chloride increased the yield to 57%. 
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Recently, solvent-free Skraup/Doebner-von Miller reactions have been developed 
under microwave radiation. For example, aniline 34 and enone 35 are reacted in the 
presence of silica gel impregnated with indium trichloride to give the corresponding 
quinoline 36 in good yield. It was subsequently shown that both electron-rich and 
electron-poor anilines undergo cyclization in a similar fashion. 



18 




35 
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microwave 




36 83 % 



9.17.5.2 Modified Skraup/Doebner-von Miller reaction — Dihydroquinolines 

A number of dihydroquinolines have been prepared by treating aniline derivatives with 
acetone or mesityl oxide in the presence of iodine. In these cases aromatization to the 
fully unsaturated quinoline would require the loss of methane, a process known as the 
Riehm quinoline synthesis. Such Skraup/Doebner-von Miller-type reactions are often 
low yielding due to large amounts of competing polymerization. For example, aniline 37 
reacts with mesityl oxide to give dihydroquinolines 39, albeit in low yield. 1 





38 




OEt 



39 12% 



In another example treating anilines 40 with acetone under similar conditions 
gave the desired quinoline 41 as a single regioisomer. 20-21 It has been reported that the 
addition of silylating reagents, in particular bis(trimethylsilyl)acetamide, may be 
beneficial for these types of substrates. 2 




Ck^O 




Interestingly the Skraup/Doebner-von Miller reaction has been used to prepare a 
number of spiro-compounds. Aniline was reacted with enone 42 in the presence of 
iodine to yield dihydroquinoline 43 in acceptable yields. 23 
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Skraup/Doebner-von Miller-type reactions with lanthanide catalysts under 
microwave radiation are efficient for a variety of different anilines. 24 For example, 
cyclisation of aniline 44 with acetone in the presence of scandium inflate gave the 
desired product 45 in excellent yield. 

MeO^^ ^V Sc(OTf) 3 ^ Me °Y^f^ 

H^L NH ch 3 cn, rt. 2-6h i^X H ^ 

44 2 microwave, 98 % H 

45 

9.17.6 Experimental^ 6 
5,6,8-Trifluoro-2-methyl-quinoline (31) 

After anilide 30 (1.12 g, 4.46 mmol) is hydrolized in 6 M HC1 at 100 °C (by TLC 
analysis), toluene (5 mL) is added and then aldehyde 5 (0.74 mL, 8.92 mmol) is added 
dropwise at the same temperature. The reaction was stirred for 2 h and then cooled to 
room temperature. The aqueous layer is removed and neutralized with aqueous NaOH to 
afford 31 as a crystalline solid. The crude product is purified by silica gel 
chromatography (hexanes:ethyl acetate, 5:1) to give 31 (802 mg, 70%) as colorless 
crystals, mp 103 °C. 
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10.1. Algar-Flynn-Oyamada Reaction 

10.1.1 Description 

The conversion of 2'-hydroxychalcones to 2-aryl-3-hydroxy-4H-lbenzopyran-4-ones 
(flavonols) by alkaline hydrogen peroxide oxidation is known as the 
Algar-Flynn-Oyamada (AFO) reaction or AFO oxidation. 1 " 3 
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10.1.2 Historical Perspective 

In 1934 the transformation of 2'-hydroxychalcones to flavonols in the presence of 
hydrogen peroxide and sodium hydroxide was reported simultaneously by Algar and 
Flynn in Ireland 1 and Oyamada in Japan. 2 However, many reports following the original 
disclosures showed that the Algar-Flynn-Oyamada reaction could lead to several 
products including aurones 4, dihydroflavonols 5, 2-benzyl-2-hydroxydihydrobenzofuran- 
3-ones 6, and 2-arylbenzofuran-3-carboxylic acids 7. 3a3c 







COOH 



Despite the formation of several products, the AFO reaction has remained a 
popular method for the synthesis of flavonols. 



10.1.3 Mechanism 

The AFO mechanism has been studied for several decades. 3-7 It was originally postulated 
by Geismann and Fukushima that chalcone 8 is converted to epoxide 9. 4 Intramolecular 
attack by the phenoxide anion can then proceed via two routes. Nucleophilic addition at 
the P-position of the keto epoxide delivers an intermediate dihydroflavonol 12 that is 
oxidatively converted to flavonol 13. On the other hand oc-attack of the phenoxide affords 
aurone 10. More recently, Schlenoff and coworkers have also shown the epoxide 9 is a 
necessary intermediate for the traditional AFO, but also for the conversion of nitrogen 
analogues of 3-hydroxyflavones to quinolones. 5 However, over the past several decades 
this mechanism for flavonol formation has been challenged most notably by Dean 6 and 
Burke. 7 Under this mechanism, the dihydroflavonol 12 is delivered via two possible 
pathways. First, an intramolecular 1, 4 conjugate addition of 11 gives enolate 15 which 
subsequently reacts with hydrogen peroxide to yield 12. In the second pathway, 
cyclization and oxidation occur concurrently (11 to 12). Despite disagreement concerning 
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the generation of flavonols, the two schools of thought agree on the original pathway for 
aurone formation. 




It is also hypothesized that formation of 2-benzyl-2-hydroxydihydrobenzofuran-3- 
ones 6 and 2-arylbenzofuran-3-carboxylic acids 7 are derived from an intramolecular 
attack of the phenoxide at the |3-position. 3c Despite the complex mechanism and multiple 
products, general trends have emerged through experimental results. 8 If the chalcone lacks 
a 6'-methoxy group but has a hydroxyl group at the C2 or C4 positions, flavonols are 
favored. However, if the 6'-methoxy group is present and no hydroxyl substituent is 
present at C2 or C4 aurones and flavonols are formed. Others have also shown that pH 
1 and temperature 30 influence the product distribution. 



10, 



10.1.4 Variations and Improvements 

The AFO reaction has seen very few variations since it was first reported in 1934. 
However, the most significant modification was reported in 1958 by Ozawa 12 and further 
elaborated by Smith I3a and others. 13b ~~ d Prior to this modification the intermediate 
chalcones were purified and then subjected to hydrogen peroxide in a basic medium. 
With the modification, the chalcone was generated in situ, from an aldehyde and a 
hydroxyacetophenone, and then allowed to react with aqueous hydrogen peroxide in the 
presence of sodium hydroxide to deliver the flavonol. Smith and coworkers conducted a 
limited study to examine the scope and limitations of this modification. 133 Flavonols were 
delivered in 51-67%; however, no flavonols were isolated with highly reactive aldehydes 
such as p-nitrobenzaldehyde and when 2-hydroxy-4-methoxyacetophenone was used. 
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1.RCHO, NaOH.EtOH, rt 



2. H 2 2> 15 C to 50 C 




18:R = Ph(54%) 

19: R = 4-OMe-Ph (59%) 

20: R = 3,4-diOMe-Ph (51%) 

21:R=4-Me-Ph(67%) 

22:R = 4-CI-Ph (52%) 



As described earlier one of the possible products from the AFO reaction is 
dihydroxyflavonols. Simpson and coworkers took advantage of this outcome in their 
synthesis of the flavonol rhamnocitrin (23). 14 Chalcone 24 was subjected to the typical 
AFO conditions to deliver dihydroxyflavonol 25. The isolated product was further 
subjected to hydrogen peroxide to afford flavonol 25a in 30% yield. However, treatment 
of 25 with bismuth acetate, generated in situ from bismuth carbonate and acetic acid, gave 
25a in 77% yield for a respectable 52% overall yield over two steps. 25a was then 
selectively demethylated with anilinium chloride to deliver rhamnocitrin (23). 
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A variant of the AFO reaction delivers nitrogen analogues of 3-hydroxyflavonol as 
described by Schlenoff and coworkers. 5 First methylamino acetophenone (26) is 
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condensed with benzaldehyde (27) to deliver the 2-methylamino chalcone 28 in 62% 
yield. Oxidation of the aminochalcone with hydrogen peroxide in the presence of sodium 
hydroxide afforded epoxide 29 in 50% yield. Upon heating 29 in refluxing ethanol, 
intramolecular cyclization occurred at the (3-position of epoxide 29 to give 30 which was 
exposed to hydrogen peroxide and sodium hydroxide in methanol to deliver the 3- 
hydroxydihydroquinolone 31 in 70% yield. 
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10.1.5 Synthetic Utility 

Hundreds of flavonols have been isolated and characterized; many of them are 
biologically active. 15 Hence a great synthetic interest has arisen. Some of the efforts have 
concentrated on the synthesis of naturally occurring flavonols I5a> 16 while others have 
focused on the synthesis of flavonol derivatives for structure activity relationships. 

Fukui and coworkers utilized an AFO reaction to synthesize and thus prove the 
original structural assignment of the cytoxic agents eupatoretin (32) and eupatin (33). 
Chalcone 34 was treated with 30% hydrogen peroxide in the presence of potassium 
hydroxide to deliver flavonol 35 in 18% yield. Interestingly the reaction time was 
extremely short- one minute. The authors never stated the reason for this abbreviated 
reaction time, but this action is further evidence of the capricious nature of the AFO 
reaction. Hydrogenolysis of 35 gave eupatoretin (32) which was elaborated to eupatin 
(33) via selective demethylation of the C7 methoxy group. 
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In the example below, Bhardwaj and coworkers synthesized tetramethoxyflavone 
36; this flavonol was believed to be the structure of a compound isolated from Artemisia 
annua. m Methyl ketone 37 and aldehyde 38 were smoothly condensed to afford chalcone 
39 in 73% yield. 39 was then converted to 40 under slightly modified AFO conditions in 
low yield. Selective demethylation of 40 gave 36. However, spectral data and melting 
point data of 36 did not match up with the compound isolated from the plant. Hence, the 
original structure was misassigned and was not flavonol 36. 
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Scriba and coworkers showed the utility of the AFO reaction by synthesizing a 
series of flavonols that exhibited anti-inflammatory activity. 173 Two of the examples are 
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depicted below. Aldehydes 41 were condensed with 2-hydroxyacetophenone (42) under 
anhydrous conditions to deliver intermediate chalcones which were immediately reacted 
with aqueous hydrogen peroxide to deliver 43 and 44 in 43% and 32% yields, 
respectively. 
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NaOEt, EtOH 



42 



2. 30%H 2 O 2 , EtOH 




43: R t = OMe, R 2 = OMe, R 3 = OMe (43% 
44: R 1= H, R 2 = H, R 3 = OC 4 C 9 , R 4 = H (3 



In addition, Pfister and coworkers investigated 3-hydroxyflavone-6-carboxylic 
acids as histamine induced gastric secretion inhibitors. 17b After condensing 3-acetyl-4- 
hydroxybenzoic acid (45) with a variety of aldehydes 46 to deliver the chalcones 47, these 
purified chalcones were then subjected to the standard AFO conditions to afford flavonols 
48 in 51-80% yield. Subsequent alkylation of 48 with methyl iodide or isopropyl iodide 
followed by saponification of the corresponding esters gave the target compounds. 
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10.1.6 Experimental 
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3-Hydroxy-2-(4-methoxyphenyl)-8, 8-dimethyl-8H-pyrano[2,3-/]chromen-4-one. 13c 

A vigorously stirred solution of 6-acetyl-5-hydroxy-2, 2-dimethylchromene (50, 0.800 g, 
3.68 mmol) and p-anisaldehyde (51, 0.501 g, 3.68 mmol) in ethanol (5 mL) was treated 
with aqueous sodium hydroxide (0.5 g) at room temperature to deliver a heavy precipitate. 
The resulting mixture was then allowed to stand at room temperature overnight. Aqueous 
sodium hydroxide (4.2 M, 7.5 mL) was then added to afford a solution. After cooling the 
solution below 15°C, 30% H 2 C>2 (0.42 mL, 3.68 mmol) was added quickly with stirring. 
As the oxidation mixture stood, the temperature rose between 38-40°C. The mixture was 
cooled after 30 min and solidified with dilute sulfuric acid. The solid was partially 
dissolved by pouring the mixture into water and allowed to stand. The solid was filtered 
and then recrystallized from methanol to deliver 52 (600 mg, 47%) as light yellow 
needles: m.p. 137-138°C; ' H NMR (CDC1 3 ) 8 1.36 (s, 6 H), 3.81 (s, 3 H), 5.51 (d, J = 9 
Hz, 1 H), 6.31 (d, J = 9 Hz, 1 H), 6.70 (d, / =10.5 Hz, 1 H), 6.85 (d, J = 9 Hz, 2 H), 7.51 
(d, J =9 Hz, 2 H), 7.62 (d, J = 10.5 Hz, 1 H), 13.86 (s, 1 H); Found: C = 71.7%, H = 5.4%; 
calcd for C 2 iHi 8 5 : C = 72.0%, H =5.1%. 
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10.2 Beirut Reaction 

10.2.1 Description 

The Beirut reaction involves the condensation of benzofurazan oxide (BFO) 1 with an 
enamine 2 or an enolate anion 3 in an alcohol solvent to give the corresponding 
quinoxaline-l,4-dioxide 4. ! ~ 3 
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10.2.2 Historical Perspective 

In 1965, Haddadin and Issidorides, at the American University of Beirut, observed that 
combining 1 with morpholinocyclohexene 5 in methanol afforded quinoxaline-l,4-dioxide 
6 in 48% yield. 4 Shortly thereafter, the same authors reported that 1 also reacts with 1,3- 
dicarbonyl compound 7 in the presence of triethylamine to give the quinoxaline-1,4- 
dioxide 8 in 38% yield. 5 This reaction has been referred to in the chemical literature as 
the Beirut reaction to acknowledge the city in which it was discovered. 
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10.2.3 Mechanism 

Substituted benzofurazan oxides 9 and 11 have been studied by NMR at low temperature 6 
and were observed as a mixture of tautomers, presumably interconverting via the ortho- 
dinitroso intermediate 10. When R = CI, MeO, or AcO, tautomer 9 is the more stable 
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form and the stability is reversed when R = C0 2 H or C0 2 Et. Both tautomers are of equal 
stability when R is a methyl group. 

-O 
Rv^v^N R > ^^N=o R Y^r^^ 

-o 

9 10 11 

There is some debate in the literature as to the actual mechanism of the Beirut 
reaction. It is not clear which of the electrophilic nitrogens of BFO is the site of 
nucleophilic attack or if the reactive species is the dinitroso compound 10. In the case of 
the unsubstituted benzofurazan oxide (R = H), the product is the same regardless of which 
nitrogen undergoes the initial condensation step. When R t H, the nucleophilic addition 
step determines the structure of the product and, in fact, isomeric mixtures of quinoxaline- 
1,4-dioxides are often observed. 7 One report 9 suggests that N-3 of the more stable 
tautomer is the site of nucleophilic attack in accord with observed reaction products. 
However, a later study 10 concludes that the product distribution can be best rationalized by 
invoking the ortho-dinitrosobenzene form 10 as the reactive intermediate. 

In the case of unsubstituted BFO 1 reacting with an enamine, the following 
mechanism is generally accepted in the literature. The first step is nucleophilic addition of 
an enamine 2 to electrophilic BFO 1 to form the intermediate 12. u Ring closure occurs 
via condensation of the imino-oxide onto the iminium functionality to give 13. 12 Finally, 
^-elimination of the dialkyl amine produces the quinoxaline-l,4-dioxide 4. 
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10.2.4 Variations and Improvements 

Quinoxalinecarboxamide 1,4-dioxides were prepared in high yields from BFO and 
acetoacetamides by adding catalytic amounts of a calcium salt and ethanolamine to the 
condensation reaction. 13 Combining BFO 1 and acetoacetamide 14 in methanol in the 
presence of calcium chloride and ethanolamine afforded the quinoxalinecarboxamide 15 
in excellent yield. 
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Quinoxaline 1,4-dioxides have also been prepared by condensation reactions 
carried out on the surface of solid catalysts such as silica gel, 14 ' 15 molecular sieves, 15 " 17 or 
alumina. 14 ' 17 As a representative example, 14 BFO 1 and the P-dicarbonyl compound 16 
were combined with silica gel in methanol. The excess methanol was removed by 
evaporation and the silica gel with adsorbed reagents was allowed to stand for two weeks 
without drying. The quinoxaline 1,4-dioxide 17 was obtained in 90% yield after elution 
from a silica gel column. 
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10.2.5 Synthetic Utility 

BFO reacted readily with 1,3-diketones to give 2,3-disubstituted quinoxaline 1,4- 
dioxides. 18 In the case of unsymmetrical 1,3-diketones, mixtures of isomeric quinoxaline 
dioxides were obtained, and the ratio of isomers was influenced by the steric bulk of the 
carbonyl substituent. When BFO 1 was combined with 1,3-diketone compounds 18 in the 
presence of triethylamine, the isomeric quinoxaline 1 ,4-dioxides 19 and 20 were obtained. 
When R = Me, 19 was the only product observed. As the steric bulk of R increased, 
increasing amounts of isomer 20 were observed. When R = ?Bu, 20 was the only product 
detected in the reaction. 



a? 

1 



o o 



Ph 



18 



triethylamine 





R 


19 


20 


Me 


100 


:0 


Et 
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/Bu 





100 




o- o 

19 



Ph 




20 



BFO 1 also reacted with 2-acetylbutyrolactone 21 to give the quinoxaline 1,4- 
dioxide 22 (n = 2) containing a primary hydroxyl group, which can be further 
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19 



functionalized. The condensation of BFO and 4-hydroxybutanone gave the analogous (n 



= 1) quinoxaline 1,4-dioxide. 20 

O O 




O- 

N+ 



21 



KOH, H 2 

MeOH 

50% 




o- 



i ' » ' r 



i ' " n 

o- 



OH 



22 



BFO reacted with various phenolate anions to give phenazine 5,10-dioxides. 21 ' 22 
BFO 1 reacted with oc-naphthol 23 in the presence of sodium methoxide to give a mixture 
of phenazine dioxides 24 and 25, resulting from an initial para coupling and ortho 
coupling, respectively. When 3-naphthol 26 was used as the condensation partner, 
phenazine dioxide 25 was the only product observed. The mechanism is thought to be 
analogous to that of the corresponding enamine condensation. 




25 

Heteroaromatic substituents can be incorporated onto the quinoxaline 1,4-dioxide 
ring system by condensing BFO with the appropriately substituted enamine, 23 
cyanomethyl, 24 or 1,3-dicarbonyl 25 compound. 2-Cyanomethyl-l,3-benzothiazole 24 27 
reacted readily with BFO 1 in the presence of potassium carbonate to give the quinoxaline 
1,4-dioxide 28 in good yield. 



o$ 




^■4?- 



K 2 C0 3 



CN 



27 



EtOH 
80% 




28 
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10.2.6 Experimental 



C5 * h 3 c1a oe , ^^ nrY- 

29 i 

1 9 o- 

30 

2-Ethoxycarbonyl-3-methylquinoxaline 1,4-Dioxide (30): 26 

To a stirred mixture of BFO 1 (13.6 g, 0.1 mol) and ethyl acetoacetate 29 (13.0 g, 0.1 
mol), cooled in an ice-water bath, morpholine (18.0 g, 0.2 mol) was added slowly 
dropwise. The ice-water bath was removed and the mixture was stirred for 10 hrs. The 
precipitate was collected by filtration, washed with cold ethanol, and recrystallized to give 
yellow crystals 30 (82%): mp 132-133°C (ethanol); IR (KBr, cm" 1 ) 1740 (C=0), 1600 
(C=N), 1335 (N-O), 1290; H 1 NMR (DMSO-de) 8 1.40 (t, 3H), 2.50 (s, 3H), 4.55 (q, 2H), 
7.80-8.10 (m, 2H), 8.20-8.50 (m, 2H). 
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10.3 Biginelli Reaction 

10.3.1 Description 

The Biginelli reaction involves an one-pot reaction between aldehyde 1, 1,3-dicarbonyl 2, 
and urea 3a or thiourea 3b in the presence of an acidic catalyst to afford 3,4- 
dihydropyrimidin-2(l//)-one (DHPM) 4. 1 ' 2 This reaction is also referred to as the 
Biginelli condensation and Biginelli dihydropyrimidine synthesis. It belongs to a class of 
transformations called multi-component reactions (MCRs). 






o x 


fAh 


+ R 2\Z^r 3 + H 2 N^NH 2 


1 


2 3a, b 



R 
H + R 2x A 



R = alkyl, aryl, het., R 2 = ester, amide, acyl, R 3 = alkyl, X = O, S 



NH 
J! X 
R 3 N^^X 
H 



10.3.2 Historical Perspective 

In 1893 Pietro Biginelli reported the first synthesis of 4-aryl-3,4-dihydropyrimidin-2(lfl r )- 
ones (DHPMs) via an one-pot process using three components. 1 Thus, DHPM 7 was 
synthesized by mixing benzaldehyde (5), ethyl acetoacetate (6), and urea (3a) in ethanol at 
reflux in the presence of a catalytic amount of HC1. 



A ♦ A A ♦ I HC ' E,00c ^ 

PrT^H + EtO"^^\ H 2 N^NH 



Ph 
NH 



2 IN INn 2 >L _A~. 

5 6 3a BOH, A ^^N^O 

H 

7 

From the late 19 th century through the mid-1970s few papers were published 
concerning this reaction. However, from the mid-1970s to the present, the utility of this 
reaction has grown rapidly, especially because some DHPMs possess significant 
therapeutic and pharmacological properties. 2 " -0 Certain DHPMs have shown to act as 
calcium channel blockers, cti a -adrenergic receptor antagonists, mitotic kinesin inhibitors, 
antihypertensive agents, neuropeptide Y (NPY) antagonists, antiviral, and antibacterial 
agents. 20 ' In addition, several biologically active natural products contain these subunits, 
and thus a synthetic interest has grown. 2 " -0 These synthetic interests have included both 
methodological improvements of the original Biginelli reaction conditions 2ab and total 
syntheses of natural products 



2b, 4 



10.3.3 Mechanism 

Since the 1930s several mechanistic pathways have been proposed for the Biginelli 
reaction. 23-15 ' 5 ' 6 ' 7 In 1933, Folkers and Johnson reported that one of three intermediates 
8-10, was likely present in this reaction. 5 These included bisureide 8 which was formed 
by a condensation reaction between the aryl aldehyde and the urea followed by subsequent 
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attack of the resultant imine with another equivalent of urea. Also, 3-ureido ethyl acrylate 
9 arose from a condensation reaction between the P-ketoester and urea. Finally, the 
reaction of the P-ketoester and the aldehyde delivered the aldol adduct 10. 





x 

HN NH 2 



Ph 



Et0 2 C 



NH 

H 2 hAo 
8 



NH 2 




OEt 



Ph 



10 



Forty years after the initial proposal, Sweet and Fissekis proposed a more detailed 
pathway involving a carbenium ion species. 6 According to these authors the first step 
involved an aldol condensation between ethyl acetoacetate (6) and benzaldehyde (5) to 
deliver the aldol adduct 11. Subsequent dehydration of 11 furnished the key carbenium 
ion 12 which was in equilibrium with enone 13. Nucleophilic attack of 12 by urea then 
delivered ureide 14. Intramolecular cyclization produced a hemiaminal which underwent 
dehydration to afford dihydropyrimidinone 15. These authors demonstrated that the 
carbenium species was viable through synthesis. After enone 13 was synthesized, it was 
allowed to react with JV-methyl urea to deliver the mono-Af-methylated derivative of 
DHPM 15. 



O 



O 



OEt 



Ph 



A H ^ 



Ph Ph 

H\ Et °2 C >^OH HVH 2 Et0 2 cJ + 



-H 2 Et0 2 C 




Ph 
EtOzOA^H 

A N X 

i 
H 

15 

The mechanism was then reexamined 25 years later in 1997 by Kappe. 7 Kappe 
used 'H and 13 C spectroscopy to support the argument that the key intermediate in the 
Biginelli reaction was iminium species 16. In the event, 5 reacted with 3a to form an 
intermediate "hemiaminal" 17 which subsequently dehydrated to deliver 16. Iminium 
cation 16 then reacted with 6 to give 14, which underwent facile cyclodehydration to give 
15. Kappe also noted that in the absence of 6, bisureide 8 was afforded as a consequence 
of nucleophilic attack of 16 by urea (3a). This discovery confirmed the conclusion of 
Folkers and Johnson in 1933. 5 As far as the proposal from 25 years earlier by Sweet and 
Fissekis, 6 Kappe saw no evidence by *H and 13 C NMR spectroscopy that a carbenium ion 
was a required species in the Biginelli reaction. When benzaldehyde (5) and ethyl 
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acetoacetate (6) were mixed under standard Biginelli conditions the requisite aldol product 
11, which was necessary for the formation of carbenium ion 12, was not detected. 



x 

H 2 N^NH 2 OH O 

M 3a 1 11 H + ,-H 2 



U X X 

Ph^H . PrT^N^NHa ^ 

5 H 




B0 2 C^A w .H O Ph O 

-h 2 o y n XXX 

15 Q <^ f^ H 2 N N N NH 2 



NH 2 H H 

14 8 



10.3.4 Variations and Improvements 

Since the revised Biginelli mechanism was reported in 1997, numerous papers have 
appeared addressing improvements and variations of this reaction. The improvements 
include Lewis acid catalysis, protic acid catalysis, non-catalytic conditions, and 
heterogeneous catalysis. In addition, microwave irradiation (MWI) has been exploited to 
increase the reaction rates and yields. 

The greatest number of reports has come from the Lewis acid field. The updated 
mechanism proposed by Kappe 7 suggests that the crucial intermediate in the mechanism is 
an acyliminium ion such as 16. It is believed that a Lewis acid stabilizes this intermediate 
which results in higher yields of DHPMs. 7,8 These additives include BF 3 OEt 2 , 9 
CeCl 3 -7H 2 0, 8 FeCl 3 -6H 2 0, 10 NiCl 2 -6H 2 0, 10 InCl 3 , n BiCl 3 , 12 Bi(OTf) 3 , 13 Yb(OTf) 3 , 14 PPE 
(polyphosphate ester), 2 "' 15 SmCl 3 -6H 2 0, 16 LiBr, 17 InBr 3 , 18 LaCl 3 -7H 2 0, 19ab 
CoCl 2 -6H 2 0, 19b La(OTf) 3 , 20 Mn(OAc) 3 -2H 2 0, 21 LiC10 4> 22 and ionic liquids. 23 Typically 
Lewis acid catalyzed Biginelli reactions are run in ethanol, tetrahydrofuran, or acetonitrile 
at reflux to afford excellent yields of the DHPMs in typically 2-6 h. Traditional 
conditions require HC1 in ethanol at reflux, and yields are moderate to poor. 24 ' 25 A 
representative group of Lewis acids is listed below along with the traditional Biginelli 
conditions. The yields are greatly improved for aromatic aldehydes bearing an electron- 
donating or electron-withdrawing substituent. More impressive is the dramatic increase in 
yields for aliphatic aldehydes. In the case of CeCl 3 -mediation, reactions may be run in 
ethanol or water without significant yield reduction when water is used. 8 Also, reactions 
may be run neat as the Yb(OTf) 3 examples indicate. 14 
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F^CHO H 

5: R n = Ph 
18: R 1= 4-OMe-Ph 
19:R 1 =2-N0 2 -Ph 
20: R) = 4-N0 2 -Ph 
21:R 1 = n-C 3 H 7 
22: R, = f>C 4 H 9 
23" R-j = /t-CqH-13 



o o 

6: R 2 =Et 
24: R 2 = Me 



+ 3a 



Lewis acid 



l 1 

2 o 2 c^ NH 

H 



15: Ri = Ph, R 2 = Et 
25: R, = Ph, R 2 = Me 
26: Ri = 4-OMe-Ph, R 2 = Me 
27: R, = 4-OMe-Ph, R 2 = Et 
28:R 1 =2-N0 2 -Ph, R 2 = Et 
29: R, = 4-N0 2 -Ph, R 2 = Et 
30: R t = n-C 3 C 7 , R 2 = Et 
31:Ri = n-C 4 H 9 , R 2 =Et 
32: Ri = n-C 6 H 13 , R 2 = Et 



Conditions 
CeCI 3 -7H 2 0, EtOH, A 8 



CeCI 3 -7H 2 0, H 2 0,A 8 
FeCI 3 '7H 2 0, EtOH, A 



lnCI 3 , THF, A 1 
BiCI 3 , CH 3 CN, A 



10 



12 



Bi(OTf) 3 , CH 3 CN, rt 
Yb(OTf) 3 , 100 °C 14 



13 



LiBr, THF, A 



17 



lnBr 3 , EtOH, A 
HCI, EtOH, A 



18 







Products (% yield) 






15 


25 


26 


27 


28 


29 


30 


- 


90 


95 


- 


82 


- 


83 


- 


88 


90 


- 


78 


- 


76 


94 


- 


- 


94 


- 


83 


72 


95 


- 


- 


90 


- 


93 


85 


95 


- 


- 


90 


- 


90 


72 


90 


- 


- 


95 


- 


85 


- 


98 


- 


- 


96 


- 


94 


- 


90 


- 


- 


82 


- 


83 


82 


98 


- 


- 


97 


- 


86 


- 



78 



,24 
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58 



24 



15' 



25 



31 



87 



92 



32 



81 
50 
58 



3 24 



In the area of protic acids, several improvements have been reported with p- 
toluenesulfonic acid, 26 trifluoroacetic acid, 27 ammonium chloride, 28 and sulfamic acid. 29 
In a related example using a Bronsted acid, Venkateswarlu and coworkers reported high 
yields of DHPMs from aromatic aldehydes by generating hydrogen bromide catalytically 
in situ from carbon tetrabromide in methanol at reflux. 30 The table below provides 
representative examples. In all cases, yields were significantly increased. 
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Products (% yield) 




Conditions 


15 


27 


29 


30 


p-TsOH, EtOH,A,1-3h 26 


91 


90 


86 


85 


NH4CI, 100°C, 3h 28 


90 


84 


83 


78 


NH 2 S0 3 H, EtOH, A, 1-3h 29 


90 


91 


86 


87 


CBr 4 , MeOH, A, 3 h 30 


90 


92 


80 


_ 



Although acid catalysis is thought to be necessary for the Biginelli reaction, there 
has been a report disputing this requirement. Ranu and coworkers surveyed over 20 
aldehydes and showed that excellent yields of DHPMs could be achieved at 100-105°C in 
1 h in the absence of catalyst and solvent with no by-products formed. 31 In contrast Peng 
and Deng reported no significant formation of DHPM 15 when a mixture of benzaldehyde 
(5), ethyl acetoacetate (6), and urea (3a) was heated at 100°C for 30 min. 23 



R. 






O 

+ R *- CH0+ H 2 lA 


6: R 1= Et 
24: R, = Me 


5: R 2 =Ph 3a 
18: R 2 = 4-OMe-Ph 
20: R 2 = 4-N0 2 -Ph 
21:R 2 = n-C 3 C 7 
23: R2= n-CeH^ 



100-1 05 °C 



R^OC^A^H 



NH 2 s^N^O 

i 

H 
15:R 1 =Et,R 2 =Ph(81%) 

27: R 1= Et, R 2 = 4-OMe-Ph (83%) 

29: R 1= Et, R 2 = 4-N0 2 -Ph (85%) 

30: R 1= Et, R 2 = n-C 3 C 7 (78%) 

34: R 1= Me, R 2 = furyl (80%) 

Some work has also been achieved with heterogeneous catalysis. These catalysts 
include Amberlyst-15, 23 Nafion-H, 23 montmorillonite KSF clay, 32 ferrihydrite silica gel 
aerogels containing 11-13% iron, 33 silica sulfuric acid, 34 and zeolites. 

Over the last several years research groups have also explored the use of 
microwaves to increase the reaction rate and efficiency of the Biginelli reaction. 2b In one 
example, polyphosphate ester (PPE) was used as the promoter under microwave 
conditions to deliver a variety of DHPMs 38 in yields ranging from 65-95% yield with 
reaction times typically below 2 minutes. 36 



/T~\ OO X PPE R20 2 <XA_.H 

(L Vcho + u u + X — ~ Y N 

R/- < = / R 2 ^"^ R 3 H 2 N'^NHR 4 MWI 

35 36 37 65-95% 

x = o,s 
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In addition to modification of the catalyst, several variants of the Biginelli reaction 
have emerged as viable alternatives; however, each method requires pre-formation of 
intermediates that are normally formed in the one-pot Biginelli reaction. First, Atwal and 
coworkers reported the reaction between aldol adducts 39 with urea 40a or thiourea 40b in 
the presence of sodium bicarbonate in dimethylformamide at 70°C to give 1,4- 
dihydropyrimidines 41. 37 DHPM 42 was then produced by deprotection of 41. 

R, NH F 1 Fi 

FtOOP 1 , 1 r NaHC0 3 EtOOC^v . 4 ,. EtOOC. A„„ , 

E,OOC Y^H + H 2 N^X' R3 -~ ] ^ deprotection J V H 



/^n DMF,70°C R^N X-R 3 iV^N^X 

H H 

41a, b 42a, b 



R /^ -,.„,,„ ~ n 2 jn A-n 3 M 2 h 



39 40a: X = O, R 3 = Me 

40b: X = S, R 3 = 4-MeO-Ph 



Furthermore, Shutalev and coworkers reported a two-step modification. 38 Urea 43a 
or thiourea 43b was condensed with 5 in the presence of p-toluenesulfonic acid to deliver 
a-tosylderivative 44. The enolate of 6 was then allowed to react with 44 to give a 
substitution product which then cyclized to give the "hemiaminal" 45. Dehydration of the 
hemiaminal with p-toluenesulfonic acid delivered 46. 



X 

H 2 N A NH 2 , TsOH ? TS II 
A 43a ' b .Ph A N A NH 2 

Ph 5 H X = . S H CH 3 CN 

44a: X = O 
44b: X = S 




HO 



BOOC N A NH p.TsQH E,OOC Y^, 



Ph 
NH 
X 



45a: x = ° 46a: X = O (65%) 

45b: X = S 46b: x = s (86 o /o) 

Moreover, Overman and Rabinowitz developed an intramolecular variant of the 
Biginelli reaction. 4 " This tethered Biginelli reaction has been important in the synthesis 
of a variety of natural products. 4 " -6 This modification involved guanidine hemiaminal 47 
reacting with 1 ,3-dicarbonyl 48 in the presence of a promoter such as morpholinium 
acetate or piperidinium acetate to deliver DHPM 49 with stereochemical control. 4a_e For 
instance ureas (X = O) and iV-arylsulfonylguanidines (X = NS0 2 Ar) afforded the cis- 
stereochemistry, while the unprotected guanidine (X = NH 2 + ) furnished the trans- 
geometry around the pyrrolidine ring. 4e 
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^Q^OH R 2 AA QRi R ,'QCcOO Rl 



X^NH 2 



47 



48 
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X = O, NS0 2 Ar, or NH 2 + X" 



I I 

X^N^R 2 

H 

49 



Overman has extended his tethered Biginelli reaction to include alkenes and dienes 
instead of P-keto esters to deliver 51 diastereoselectively over 52 in the presence of 



4e 



Cu(OTf) 2 . 



Bn 



-N SPh 
J-HCI 
HNT'NHj, 
49 



Ph, Cu(OTf) 2 
50 



Bn 



CH 2 CI 2 , CHCI 3 ,0°C 
83%, ds(5:1) 



^K + B -^X 



HN^N 'Ph 
H-HOTf 
51 



HN^N^Ph 
H -HOTf 

52 



10.3.5 Synthetic Utility 

Since the early 1990s the Biginelli reaction has been utilized to deliver the DHPM core 



2a-c 



which was further elaborated to the target of interest. These reports are well 
documented in two reviews by Kappe in 2000. 2b ' c However, this section will address 
work primarily completed after these comprehensive reviews were published. 

For example, Ghorab and coworkers exploited the classical Biginelli reaction to 
synthesize a variety of potentially active antifungal agents such as 56 from DHPM 55. 39 




S 
CH0 + H 2 N^NH 2 
3a 



HCI 



EtOH, A 
81% 



Ar 







NH 



H 
55 

Ar= 4-F-C 6 H 4 




Br 



EtOH, A 




In addition, Namazi and coworkers expanded the DHPM core by constructing 
pyrrolo[3,4-d]pyrimidines via the classical approach. 40 First, DHPM 59 was delivered in 
60% yield using the standard Biginelli conditions. 59 was then brominated in high yield 
to afford 60. Substitution of bromide 60 with methylamine followed by cyclization of the 
intermediate amino ester furnished pyrrolo[3,4-c/]pyrimidine 61 in 53% yield. 
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EtO' 



O O 



84% 




Brg , Et ° 2c y-NH 

CHCI3, rt Br \A w A, 



N ^O 

I 

60 



In recent years there has been some interest in monastrol (62), a potentially 
important chemotherapeutic for cancer which acts as an inhibitor of mitotic kinesin Eg5. 2c 
Kappe and coworkers successfully synthesized racemic monastrol (62) using microwave- 
mediation in 60% yield from ethyl acetoacetate (6), 3-hydroxybenzaldehyde (63), and 
thiourea (3b) in the presence of PPE. 41 



Et0 2 C 




However, Dondoni improved the synthesis by using Yb(OTf)3 as the Lewis acid 
promoter in THF at reflux to deliver 62 in 95% yield. 42 




EtO 



O O 



S 
+ H 2 N NH 2 
3b 



Yb(OTf) 3 

, 

THF, A 
95% 



62 



Dondoni has elaborated this methodology to include C-glycosylated dihydro- 
pyrimidines. 43 The sugar residue can be a subunit in the aldehyde, 1,3-dicarbonyl, or 
urea; consequently, substitution of the DHPM ring may occur in one of three places 
depending on which component originally contains the glycosidic residue. In the example 
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below hydropyran carbaldehyde 64 was utilized to deliver 65 as the major product with 
moderate diastereoselection. 

BnO t OBn 



OBn OBn 
BnCyiy OO I CuCI,AcOH, B F 3 -OEt 2 

A O EtOr^^ H 2N NH 2 «► 

Bna ' T 6 3a THF.A 

CHO 65% yield 



64 



(5:1 diastereomeric mixture) 




(major product) 



In the field of natural products, Overman and coworkers have published 
enantioselective syntheses of novel guanidine-containing alkaloids that are members of 
the crambescidin and batzelladine families. 4 " -6 In each case a tethered Biginelli reaction, 
which was reported by Overman and Rabinowitz in 1993, 4a was germane in the 
construction of the cores. For example, batzelladine F (66) presented an interesting 
challenge, for it contains two tricyclic guanidine subunits; hence, two stereoselective 
modified Biginelli reactions were required to complete the task. 4d The first tethered 
reaction was between guanidine hemiaminal 67 and the 1,3-keto ester 68. In the event, 67 
was treated with 68 in the presence of morpholinium acetate to deliver 69 and its anti- 
diastereomer in 82% yield as a 5:1 diastereomeric mixture. The major diastereomer was 
then elaborated in several steps to 1,3-keto ester 70 which underwent a second modified 
Biginelli reaction with 71 to give the anfi-diastereomer, pentacyclic bisguanidine 72, as 
the major product in 59% yield. The yyn-diastereomer was isolated albeit in less than or 
equal to 10% yield. Compound 72 was then transformed to 66 in several steps. 




batzelladine F (66) 




OTBDMS 



R0 AA(Vcs 

R= Allyl 



68 



morpholine, AcOH, Na 2 S0 4 , CF 3 CH 2 OH, 60°C 



82%(5:1,syn:anti) 



67 



OR OTBDMS 




"OAc 
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HO' 



H 2 N NH 2 71 



morpholine, AcOH, Na 2 S0 4 , CF 3 CH 2 OH, 60°C 
59% 




66 



•2CF 3 C0 2 



The Biginelli reaction has also been extended to solid phase and combinatorial 
synthesis. 2b ' 44 In a recent combinatorial approach Kappe and coworkers used 4- 
chloroacetoacetate as a building block to create a library of diverse DHPMs under 
microwave conditions. 446 The DHPMs thus afforded were elaborated to three bicyclic 
systems: pyrimido[4,5,d]pyridazines 77, pyrrolo[3,4-cT|pyrimidines 78, and furo[3,4-d]- 
pyrimidines 79. 



^r 





o 

HN'"Np'NH 



N ^o 
H 
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10.3.6 Experimental 



OMe 



OMe 

9 9 (rS CeCI 3 -7H 2 

J H 2 N NH 2 EtOH.A, 2.5 h 
24 CT^H 3a 95% 




5-Ethoxycarbonyl-4-(4-methoxyphenyl)-6-methyl-3,4-dihydropyrimidin-2(lH)-one 

(26). 8 

A solution of methyl acetoacetate (24, 1.16 g, 10 mmol), 4-methoxybenzaldehyde (18, 
1.36 g, 10 mmol), and urea (3a, 1.8 g, 30 mmol) in ethanol (5 mL) was heated under 
reflux in the presence of CeCl 3 -7H 2 (931 mg, 25 mol %) for 2.5 h (monitored by TLC). 
The reaction mixture (after being cooled to room temperature) was poured onto crushed 
ice (30 g) and stirred for 5-10 min. The solid was filtered under suction (water aspirator), 
washed with ice-cold water (50 mL), and then recrystallized from hot ethanol to afford 
pure product 26 (2.62 g, 95%): m.p. 198-200°C; ! H NMR (CDC1 3 ) 8 1.16 (t, /= 7.1 Hz, 
3H), 2.24 (s, 3H), 3.75 (s, 3H), 3.98 (q, J = 7.1 Hz, 2H), 5.09 (d, 7=3.2 Hz, 1H), 6.78 (d, J 
= 8.7 Hz, 2H), 7.18 (d, J = 8.7 Hz, 2H), 7.24 (br s, 1H), 8.95 (br s, 1H). 
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10.4. Kostanecki-Robinson Reaction 

10.4.1 Description 

The conversion of o-hydroxyaryl ketones la to chromones 2a and/or coumarins 3a with 
aliphatic acid anhydrides in the presence of the sodium or potassium salt of the 
corresponding acid 1 and the reaction between lb and aromatic acid anhydrides and the salt 
of the corresponding acid to form flavones 2b (Allan-Robinson) 2 is called the 
Kostanecki-Robinson (K-R) reaction. 3 



O 




X 

Rf'OM 




2a 

2b 


R 
3a 




1a, R 1 =aliphatic 
1b, R ^aromatic 





10.4.2. Historical Perspective 

In 1892 Nagai 4 and Tahara 5 independently reacted peonol with refluxing acetic anhydride 
in the presence of sodium acetate to form an unidentified heterocyclic compound. Nearly 
a decade later in 1901, Kostanecki and coworkers characterized this unidentified 
compound as a chromone when they successfully applied this methodology by converting 
resacetophenone and 4-ethoxy-2-hydroxyacetophenone to their corresponding chromones 
in refluxing acetic anhydride in the presence of sodium acetate (reactions 1 and 2). 6 This 
pioneering work was further elaborated in 1924 by Allan and Robinson. 7 They described 
the synthesis of a flavone by reacting co-methoxyresacetophenone with benzoic anhydride 
in the presence of sodium benzoate (reaction 3). The latter transformation is also known 
as the Allan-Robinson reaction. 2 
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Although the literature refers to the formation of chromones/coumarins as the 
Kostanecki reaction (and often the Kostanecki-Robinson reaction) and the synthesis of 
flavones as the Allan-Robinson reaction, others have chosen to merge the two reactions 
and refer to both transformations as the Kostanecki-Robinson reaction. 3 This section will 
follow the latter school of thought, and use the Kostanecki-Robinson (K-R) 
nomenclature. 



10.4.3 Mechanism 
10.4.3.1. Chromones 

The mechanism of the K-R reaction has been studied by several groups. 8 " 10 However, the 
mechanism proposed by Baker 9 and Szell 10 appears to be the most likely pathway. Szell 
and coworkers agreed with the original mechanism postulated by Baker based on product 
isolation, spectroscopy and kinetic studies. The o-hydroxyacetophenone 4 is first acylated 
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to deliver ester 5. Enolization of the phenone followed by acylation of the resulting 
enolate then affords enolacetate 6. n 6 then undergoes ring closure followed by loss of 
water to deliver the y-pyrone 8. Szell suggested that the rate determining step of the K-R 
reaction is the ring closure and determined that sodium acetate was superior to 
triethylamine when the reaction is run at 180 °C. 10c The converse is true when the reaction 
is run at temperatures below 100 °C. 

10.4.3.2 Coumarins 

Coumarin formation proceeds via an intramolecular attack by enol ester 9 on the ketone to 
give 10. 3a Dehydration of 10 then affords coumarin 11. It has been observed that 
coumarins are favored when higher order homologs of acetic anhydride and their 
corresponding salts such as propionic anhydride/sodium propionate and butyric anhydride/ 
sodium butyrate are used. 
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10.4.3.3 Flavones 

Flavone formation is believed to proceed through a similar mechanism as the synthesis of 
chromones, albeit aromatic acid anhydrides and their corresponding salts are used. 100 The 
first step is benzoylation of 12 to give the ester 14. Enolization and o-alkylation then 
affords the enolbenzoate 15. Enolbenzoate 15 then undergoes an acyl transfer to yield 
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dibenzoylmethane 16. The formation of 16 is a likely intermediate, for others have 
isolated dibenzoylmethanes in K-R reactions. 100 ' 12 At this point the dibenzoylmethane 
may proceed through the same course as seen with chromones to give the flavone 18. On 
the other hand, 16 may be converted to the 2-benzoyl 1,3-diketone 19, and subsequent 
cyclization of 19 delivers the 3-benzoyl flavone 20. 

10.4.4. Variations and Modifications 
10.4.4.1 Chromones 

A modification of the K-R reaction was introduced by Mozingo. 13 This method involved 
reacting an o-hydroxyacetophenone with an ester in the presence of metallic sodium to 
form a 1,3-diketone. Treatment of the diketone with an acid then delivered the chromone 
via an intramolecular cyclization reaction. This method was applied to the preparation of 
2-ethylchromone (21). O-hydroxyarylketone 22 was allowed to react with ethyl 
propionate (23) in the presence of sodium metal. 13a The resulting sodium enolate was 
then quenched with acetic acid to deliver the 1,3-diketone 24. Upon heating 24 in glacial 
acetic acid and hydrochloric acid, 2-ethylchromone (21) was delivered in 70-75% overall 
yield. 

O 

^.OH 1 - ^£oEt,Na 

^^ xylene, A fl^T HCI.AcOH.A , 
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_ 2. HOAc, H 2 [j (I 70_ I 5% m 

O O O overall yield q 
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Typically, the K-R reaction is run at temperatures that often exceed 160 °C. 
However, a mild variation has been developed using acetic formic anhydride where the 
transformation occurs at ambient temperature. lbl4 Okumara and coworkers smoothly 
converted hydroxyl ester 25 to chromone 26 in 76% yield with acetic formic anhydride 
and sodium formate at room temperature. 143 Beckett and Ellis also used these conditions 
to synthesize two chromones in high yield when 27 and 28 were converted to 29 and 30, 
respectively. lb,14b 
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cc ■ v ^ 
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27:R=N0 2 
28:R=Ac 



18 °C 




29: R=N0 2 (99%) 
30: R=Ac (85%) 



The use of acid chlorides instead of acid anhydrides has also been described. 
Wittig and coworkers converted propiophenone 31 to chromone 32 in 50% yield with 
chloroacetyl chloride in the presence of sodium chloroacetate at 190 °c. lb ' 8 Despite the 
acid chloride's increased reactivity, a high temperature was still required. 
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In addition to varying the electrophile, efforts have also focused on different bases. 

Yamaguchi and coworkers used a stoichiometric amount of DBU instead of sodium 

acetate when they synthesized a series of ethyl 0)-(3-chromonyl)alkanoates 34 in 33-64% 

yield from 33, 
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10.4.4.2 Flavones and Isoflavones 

The synthesis of flavones has also seen modifications over the years. One of the primary 
modifications has been substituting the carboxylate salt for other bases. 16-19 Kohn and 
Low showed that catalytic amounts of triethylamine allowed for the reaction to be run at 



160 °C. Looker and coworkers expanded on the Kohn and Low modification by using 



17 , 



amines as the solvent, and thus reduced the reaction temperatures. They typically found 
that the reaction could be run at the refluxing temperatures of the amine. They showcased 
this modification by converting (o-methoxyphloroacetophenone (35) to the methyl ether 
of galangin (36) using a variety of amines in 60-75% yield with benzoic anhydride. 
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Seshradi and coworkers showed that potassium carbonate was an effective base in 
the K-R reaction for the conversion of resacetophenone (37) to 7-hydroxyflavone 39a and 
7-hydroxy-4'-methoxyflavone 39b in 57% and 46% yield, respectively. 1 In addition, the 
reaction proceeded at a significantly lower temperature than the traditional K-R reaction 
by conducting the reaction in refluxing acetone. 



HO 



OH 





38a, b \^^f 



37 



K 2 C0 3 , acetone, reflux 
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Pivorarenko and Khilya investigated a series of organic bases including 

tribenzylamine, sodium methylate, sodium terf-butylate, n-methylmorpholine, 

trimethylamine, triethylamine, and tributylamine in the conversion of 40 to isoflavone 41 

with acetic formic anhydride. 20 They found that the yields ranged from 88-95% when the 

latter four bases were used while the remaining bases gave disappointed yields ranging 

from 5-42%. 
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10.4.5 Synthetic Utility 

10.4.5.1 Coumarins and chromones 

The synthesis of chromones 1 and coumarins 21 has been reviewed over the years. Some 
trends have been established concerning the conditions that favor one class over the other. 
For instance, higher homologs of acetic anhydride such as propionic and butyric 
anhydrides tend to favor formation of coumarins while longer alkyl chains off of the 
aromatic ketone favor chromones such as o-hydroxypropiophenones over o-hydroxyaceto- 
phenones. 1 ' 22 However, great care must be taken in characterizing the product, for some 
initial assignments have been incorrect. lb Hence, chemical derivatization and 
spectroscopic methods have emerged as prudent means for product identification. 23 

Over the years the literature is filled with examples where the initial 
characterization was incorrect. lb One example is illustrated below. In 1940, Sethna and 
Shah presumed that they synthesized coumarins 42 and 43 from a reaction between |3- 
orcacetophenone (44) and its 4-6>-methyl ether 45 under standard Kostanecki-Robinson 
conditions, respectively. 24 Three decades later Bose and Shah synthesized coumarin 43 
via another route and concluded that the initial assignment made by Sethna and Shah was 
incorrect. 25 After the Bose and Shah findings were published, Ahluwalia and Kumar 
concluded that the Sethna and Shah products were actually chromones 46 and 47 based on 
proton NMR data and chemical derivatization. 26 Despite these shortcomings, the 
Kostanecki-Robinson reaction remains an effective method for formation of both 
coumarins 22, 27 ' 28 and chromones. 29 ~ 32 
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10.4.5.1.1 Coumarins 

Sen and Kakaji synthesized a series of 4-butyrylnaphthocoumarins 48 from l-butyryl-2- 
naphthols 49 using acetic anhydride and two homolog anhydrides in excellent yields. 27 
They also showed that l-propionyl-2-naphthols and l-acetyl-2-naphthols could be 
converted to their corresponding coumarins using the same three anhydrides. However, 
l-acetyl-2-naphthol in the presence of acetic anhydride and sodium acetate gave a 
chromone not a coumarin. 
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In addition to their work on naphthocoumarins, Sen and Kakaji showed that 4-t- 
butyl-2-hydroxyphenones 50 gave exclusively coumarins 51 when treated with various 
anhydrides in the presence of their corresponding sodium carboxylates. 22 They saw 
similar results with 4-f-amyl-2-hydroxyphenones. 
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10.4.5.1.2. Chromones 

In the course of synthesizing DNA-gyrase inhibitors Hogberg, Mitscher, and coworkers 
determined that an effective means of constructing the core of their inhibitors was via a 
K-R reaction. 29 Under mild conditions, keto ethylester 52 was acylated using acetic 
formic anhydride in the presence of sodium formate to deliver chromone 53 in 75% yield. 
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Gadaginamath and Kavali synthesized a series of novel 4H-pyrano[2,3-/]indole 
derivatives that exhibited varying degrees of antibacterial and antifungal activity. 30 6- 
benzoylacetyl-5-hydroxyindoles 54 were treated with acetic anhydride in the presence of 
sodium acetate to deliver chromones 55 in modest yields. 
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^ 

54a: R, = H, R 2 = Me 
54b: R, = CI, R 2 = Me 
54c: Rt = N0 2 , R 2 = Me 
54d:R 1 = H, R 2 = CI 
546^!= CI, R 2 = CI 
54f: R, = N0 2 , R 2 = CI 



In the realm of natural product synthesis, Kepler and Rehder utilized the K-R 
reaction to synthesize (±)-calanolide A (56), a potent non-nucleosidal human 
immunodeficiency virus (HIV-1) specific reverse transcriptase inhibitor. 31 Propiophenone 
57 was allowed to react with acetic anhydride in the presence of sodium acetate to afford 
benzopyranone 58 in 56% yield; subsequent deacetylation of 58 gave 59. Flavone 59 was 
then transformed to (±) calanolide A (56) over several steps. 
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10.4.5.2 Flavones and Isoflavones 
10.4.5.2.1 Flavones 

Over the years the venerable K-R reaction has been instrumental in constructing flavones 



2,18,35-37 



for SAR programs and natural product synthesis 

In the area of medicinal chemistry, Haemers and coworkers synthesized a series of 
4'-hydroxy-3-methoxyflavones that exhibited antiviral activity against poliomyelitis and 
rhinoviruses. 33 A representative number of compounds is shown below. First, O- 
hydroxyacetophenones 61 were converted to the corresponding flavones 64 using standard 
conditions in yields of 74-92%. Cleavage of the benzyloxy groups of 64 was then 
achieved under acidic conditions to deliver the requisite flavones 65. 
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Horie and coworkers synthesized a series of flavones that showed promising 
inhibitory activity against archidonate 5-lipooxygenase. 34 This enzyme is responsible for 
the initiation of bioactive leukotrienes that are chemical mediators of anaphylaxis and 
inflammation. Under standard K-R conditions o-hydroxyarylketone 66 and anhydride 67 
in presence of the corresponding anhydride 68 delivered flavones 69 in yields of 42-65%. 
Subsequent hydrogenation of 69 afforded the flavone inhibitors 70. 
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The K-R reaction has also been useful for structural confirmation of natural 
products such as tambulin (71), a flavonoid isolated from the seeds of Xanthoxylum 
acanthopodium. 3$ In the critical reaction u)-ethoxyphloroacetophenone (72) was allowed 
to react with anisic anhydride (38b) in the presence of sodium anisate (73) at 170 °C to 
deliver flavone 74 in 65% yield. Flavone 74 was then converted after multiple steps to 
diethyl ether 75 which corresponded to the diethyl ether of tambulin (71). 




0H 
OH 6 

tambulin (71) 
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HCV^/OH 



OH 
72 



OCH 2 CH 3 



y^r 38b 






steps 



O 



f| ~, ^0-Na + , 170-1 75 °C OH O 

xr^^ 65% 



OCH2CH3 




71 



K 2 C0 3 , 



acetone, A 



75 



OCH 2 CH 3 



CH 3 CH 2 O 
75 



Lemiere and coworkers synthesized the antipicornavirus agent 3-0- 
Methylquercetin (76). 36 A key transformation was the conversion of acetophenone 61a to 
3-methoxyflavone 79. In the event, 61a and 3,4-dibenzyloxybenzoic anhydride (77) were 
allowed to react at 160 °C in the presence of sodium carboxylate 78 to deliver the 
penultimate intermediate in 78% yield. Debenzylation of 79 in the presence of 
Pearlman's catalyst delivered the natural product in 99% yield. 



OBn 



OBn 







BnOv_ 
II 


'^l (***"" 


s^OBn 


HO. 


YY^OMe 


BnO 



77 


^OBn 












OH 


BnO x 


r^ 






61a 


BnO x 


78 J 

78% 


160°C 




Pd(OH) 2 /C, cyclohexene 

EtOH 
99% 




HO O 
3-O-Methylquercetin (76) 



10.4.5.2.2 Isoflavones 

Over the years there have many reports of isoflavone syntheses utilizing the K-R reaction. 
38,39 One example was reported by Liu and Cheng where a crucial isoflavone intermediate 



38 



was required to synthesize a series of antineoplastic agents. In the event acetophenone 
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80a was allowed to react with acetic formic anhydride to deliver isoflavone 81a in 70% 
yield. They achieved similar results with the conversion of 80b to 81b. 




80a: R = OH 
80b: R = H 



81a: R = OH (70%) 
81b:R=H(76%) 



10.4.6 Experimental 




NaOAc, Ac 2 0, reflux 



62% 




6,6,10,ll-Tetramethyl-4-propyl-2ff,6H,12//-benzo[l,2-ft:3,4-6':5,6-*'1tripyran-2,12- 
dione (83). 40 

A mixture of the chromene 82 (1.76 g, 5.11 mmol) and sodium acetate (419 mg, 5.11 
mmol) in acetic anhydride (12 mL) was refluxed for 4 h, and then the solvent was 
removed in vacuo. The residue was purified by chromatography on a silica gel column 
eluting first with 25% ethyl acetate/hexane followed by 50% ethyl acetate/hexane to 
provide chromone 83 (1.16 g, 62%) as a yellow solid: m.p. 209-209.5 °C (recrystallized 
from ethyl acetate); ! H NMR (DMSO-de) d 1.00 (t, / = 7.2 Hz, 3 H), 1.51 (s, 6 H), 1.60 
(apparent sextet, J = 7.6 Hz, 2 H), 1.88 (s, 3 H), 2.39 (s, 3 H), 2.90 (t, J = 7.7 Hz, 2 H), 
5.89 (d, / = 10.0 Hz, 1 H), 6.26 (s, 1 h), 6.75 (d, J =10.2 Hz, 1 H); Found C = 72.14 %, H 
= 6.15%; calcd fonCzzHaOs: C = 72.12%, H = 6.05%. 
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10.5 Pinner Pyrimidine Synthesis 

10.5.1 Description 

The condensation of 1,3-dicarbonyl compounds 1 with amidines 2 catalyzed by acids or 
bases to give pyrimidine derivatives 3 is regarded as the Pinner pyrimidine synthesis. 1,2 




70.5.2 Historical Perspective 

In the 1880s, Pinner found that the amidine derivative 2 reacted with acetoacetic ester (4) 
to furnish 2-substituted-6-hydroxy-4-methylpyrimidine 5. The condensation of amidine 
derivative 2 with other P-keto esters, malonic esters, and P-diketones proceeded similarly 
(see the following pages for examples). 3-5 

R 
NH N^N 

XX + i — " 

^^^^OMe FT^NHo HO 



10.5.3 Mechanism 

Although the Pinner pyrimidine synthesis was discovered a century ago only a few reports 
on the reaction mechanism have appeared. 6 ' 7 The condensation of acetylacetone, methyl 
acetoacetate, or dimethyl malonate with acetamidine (6) has been studied by Katritzky et 
al. and the reaction mechanisms for these processes have been proposed by these authors. 7 
Outlined below is the proposed mechanism of the condensation of methyl acetoacetate (4) 
with acetamidine (6). 7 

OH 
-AAomo + HN^NH 2 - O .NH + 



X>Me 



HCI 



HoN- 



fast 



-MeOH 
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♦HN^NH -H 3 + N^NH NyN 

» , ' 

8 9 

10.5.4 Synthetic Utility 

Many pyrimidine derivatives have been prepared via the Pinner procedure. Amidines 
react with 1,3-dicarbonyl compounds to form 2, 4, 6-trisubstituted pyrimidines. 8 

J ft + y H .HCI K 2 C03/H 2 0,rt jj ^J 

H 3 C^^CH 3 H 3 C^NH 2 "* ^-^V 

20% 

10 6 11 

Amidines react with P-keto esters to provide hydroxypyrimidines. The synthesis of 
the 2,6-dimethyl-4-hydroxylpyrimidine (9) has been improved dramatically 9 by 
combining Pinner's procedure with that of Donleavy et al. for the synthesis of 6- 
methyluracil. 10 

NH NaOH/EtOH N ^ N 

XX + II -HCI ' ^ J| I 

HgC^^^^OEt H 3 C^NH 2 72% HO^^^ 

4 6 (placed in a desiccator over H 2 S0 4 ) 9 

The 1,3-dicarbonyl components can be replaced by an enol ether, which can be 
prepared by Claisen condensation from an ortho ester and a reactive methylene 
compound. 11 



O NH 1)Na/EtOH,0°C HO^N^/ 



H 3 C NH 2 j^q^ 



15% 
12 6 13 

Amidines can also react with malonic ester derivatives to provide pyrimidines. A 
side reaction occurs sometimes to give by-products which have not cyclized. Basic 
conditions favor the formation of pyrimidine derivative. The nature and amount of base 
employed could affect the course of the reaction as expected. 13 
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BO 







OEt 



14 



Jl • HCI 
R NH 2 



15 



NaOEVEtOH 

R = H, 80% 
R= '^,42% 



R 

N^N 

HO^^^OH 

16 



"OEt 



17 



NH 



»c^ n „ ♦ Q^ NH 



HCI 
2 EtOH, A 



Ph 



+ NC V t OB 
HoN^^^OH Pir^NH 2 



18 



N ^N 
n 2 iN - "OH 
19 (21%) 



20 (28%) 



.NH 



I • HCI 
NH 2 



NC 



COOEt 4 eq ' N^CHa^eOH 

J * ■ 



OH 



N 



80% 




17 



N NH 2 
21 



Ghosh e* a/, reported a modified procedure for the preparation of highly 
substituted pyrimidines by condensation of a 1 ,3-dicarbonyl compound 22 with tri- 
(trimethylsilyl)amidine (23) in good yield as compared to the lesser yield obtained from 
employing a classical Pinner procedure. 6 







Ri Y R 2 
X 



22 



Me 3 Si ( ^iMeij 

N S .N pyridine, NH 4 CI, 100°C 

SiMe 3 





24-38 h 








R1 


R 2 


X 


Yield 
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Me 


Me 
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89 


b 


Ph 


Ph 


H 


83 
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Me 


Me 


Et 


78 
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10.5.5 Experimental 

Preparation of 2-(4-chlorophenyl)-4-hydroxy-6-phenylpyrimidine 14 



NH 




Na 2 C0 3 



NH 2 H 2 0/EtOH 




25 26 



27 



4-Chlorobenzamidine (26) (15 g, 78 ramol), ethyl benzoylacetate (25) (20 g, 129 mmol ), 
sodium carbonate (15 g, 141 mmol) and water (30 mL) were mixed and this mixture was 
brought to homogeneity by adding ethanol. The solution which resulted was stirred at rt 
for 16 h. The thick mixture was diluted with water (50 mL) and the solid was collected 
and washed with ethanol. The crude product was crystallized from acetic acid which 
furnished 9g of the title compound 27 (30%). m.p. 305-307°C. 14 
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10.6 von Richter Cinnoline Synthesis 

10.6.1 Description 

The thermal cyclization of 2-alkynylbenzenediazonium salts represented by 2 to provide 
the 4-hydroxycinnoline derivatives 3 respectively is regarded as the von Richter cinnoline 
synthesis. 1 " 4 



Ri-n- 




HNO,, HX 

- * 

X = CI or Br 



Ri-n- 




RHr 




10.6.2 Historical Perspective 

The first synthesis of cinnoline was reported by von Richter in 1883. 5 The diazonium 
chloride 5 which was obtained from o-aminophenylpropiolic acid (4), was heated in water 
at 70°C to provide the 4-hydroxycinnoline-3-carboxylic acid (6). When this acid 6 was 
heated above its melting point, carbon dioxide was liberated and 4-hydroxycinnoline (7) 
was obtained. Distillation of 4-hydroxycinnoline (7) with zinc dust furnished a small 
amount of oil, which was assumed to be cinnoline (8). The preparation of 4- 
hydroxycinnoline (7) was repeated by Busch and Klett, 6 although in lower yield when 
compared to the original report. Busch and Rast later converted the 4-hydroxycinnoline 
(7) successfully to cinnoline (8) via the 4-chlorocinnoline (9). 7 



C0 2 H 




4 



NH, 



NaNOo 



HCI 



POCI3 

PCI 5 

90% 



CQ 2 H 




^ 



„ +_.. water ,, 
N 2 + CI ^ [I 

70°C 




Fe 




-^^-^ C °2 H 260°C 



J^'M H 2 S0 4 ^^ N ' NH 

"~ N 

62% H 

9 10 




HgO 



Zn 




8 



10.6.3 Mechanism 

The mechanism of the von Richter cinnoline synthesis has been discussed in several 



reports. Earlier papers " suggest that the von Richter process proceeds through pathway 
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B (11— > 12-»14). Examination of a more recent study suggests the von Richter reaction 
probably involves simultaneous attack of the triple bond on the diazo group accompanied 
by attack by a halide ion but not by a water molecule. 11 The halocinnoline 13 is then 
hydrolyzed under the von Richter reaction conditions to furnish the 4-hydroxycinnoline 
derivative 14 (11 — »12-» 13 — » 14, pathway A). 



NaN0 2 /HX R'- 




11 



X = CI, Br 



pathway B 




14 

10.6.4 Synthetic Utility 

Only a limited number of cinnoline derivatives have been prepared via the von Richter 
cinnoline synthesis. 8 ' 912 



C0 2 H 




1)HN0 2 , HCI,0°C 

2) A 
50-70% 



1)HN0 2 , HCI,0°C 

». 

2) A 
60% 




C0 2 H 



X = CI, Br, OMe 
16 




17 



18 



Vasilevsky et al. reported that diazotization of phenylethynylaminopyrazole 19 in 
hydrochloric or hydrobromic acid furnished the 4-chloro- or 4-bromo cinnoline derivative 
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20, respectively, as the major product, which is in support of pathway A for the 
mechanism of the von Richter reaction. 11 




19 



.C«H 



6 n 5 



NaN0 2 



HCI, or HBr 

-15toO°C 
then rt 




X =CI, 65% 
20 X =Br, 77% 



The von Richter cinnoline process was further extended to solid-phase synthesis. 13 
The route began from benzylaminomethyl polystyrene and the required diverse o-haloaryl 
resins represented by 21 were prepared from substituted o-haloanilines. A Pd-mediated 
cross-coupling reaction with 21 and the alkynes provided the alkynylaryl derivatives 
represented by alkyne 22. The von Richter cyclization reaction with hydrobromic or 
hydrochloric acid in acetone/H 2 and cleavage from the resin occurred in the same step to 
furnish the cinnoline derivatives 23 in 47-95% yield and 60-90% purity (no yield 
reported for each entry). 



&~Y" 




h-^r QTY^ 



Ph 



Pd(OAc) 2 , NEt 3 

DMF, 80°C, 12h 
X = Br, I 



23a H 

23b Ph 

23c SiMe 3 

23d C 5 H U 




H 

H 

6-CHCHSiMe 3 

6,8-difluoro 



HY, acetone/H 2 


Xji 


^R 


47-95% I 


^R 2 


Y = Br, CI ' 


23 





OH or CI 

OH or CI, Br 

Br 

Br or CI 
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10.6.5 Experimental 

Preparation of 4-hydroxycinnoline-3-carboxylic acid 6 8 

C0 2 H C0 2 H 




NaN0 2 
HCI 




N 2 + CI" 



water 



70°C 




C0 2 H 



6 



The o-aminophenylpropiolic acid 4 (20 g) in water (60 mL) and aqueous ammonia (9 mL, 
d = 0.88) was added with shaking during 15 minutes to a mixture prepared from ferrous 
sulfate (220 g), water (440 mL), and aqueous ammonia (110 mL, d = 0.88). After 45 
minutes, with occasional shaking but no external cooling, the suspension was filtered. The 
residue was washed with water, and the combined filtrates were treated with ammonium 
acetate (60 g) and made weakly acidic with acetic acid. The solution was then cooled to 
0°C by addition of crushed ice, and then made acidic to Congo-red with concentrated 
hydrochloric acid (70-80 mL). Additional hydrochloric acid (20 mL, 2 N) was 
immediately added, and the turbid solution which resulted was diazotized with 20% 
aqueous sodium nitrite, after which the mixture was kept at 70°C. The cinnoline acid 6 
was separated over 45 minutes as a dark brown, granular solid (12.5 g), m.p. 260-265°C. 8 
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350,351 
acetic formic anhydride, 524-526, 528, 533 
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Alder endo rule, 329 

aldol reaction, 160-161, 306, 308, 309, 314, 321 
threo aldol reaction, 48 
Algar-Flynn-Oyamada Reaction, 496-503 

Description, 496 

Historical Perspective, 496 

Mechanism, 496-497 

Variations and Improvements, 497-499 

Synthetic Utility, 499-501 

Experimental, 502 
2-alkynylbenzenediazonium salts, 540-543 
Allan-Robinson Reaction 

See Kostanecki-Robinson Reaction 
2-alkoxyalkylcinchoninic acids, 455 
7-alkoxyindole, 101 
cc-alkoxyketone, 195 
alkylation, 238, 239-242 
O-alkylation, 160-161 
allylic strain, 47 

alumina, 304, 309, 341, 362, 506 
Amberlyst 15,312, 513 
amidines, 537 

amino acid, conformationally constrained, 270 
P-amino acrylonitrile, 146 
P-amino alcohol, 40, 63 
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2-aminobenzaldehyde, 411, 412, 413 

a-aminobenzylcyanide, 280 

Y-aminobutyric acid (GABA) analogs, 370 

3-amino-4,4-dicyano-3-butenoate, 195 

P-aminoethyl sulfate, 63 

P-amino halide, 63 

aminomalononitrile p-toluenesulfonate, 277 

aminonitrile, 267, 273 

5-aminooxazoles, synthesis, 225 

amino palladation, 136 

aminopalladium catalysts, 136 

o-aminophenylpropiolic acid, 540, 543 

2-aminopyridine, 404, 433 

3-aminopyridine, 439 

7V-aminopyridinium salts, 361 

3-aminopyridino-methylene, 433 

2-aminopyridino-methylene malonates, 432 

aminosteroid, 95 

aminosulfoxonium ylide, 4, 9 

5-aminothiazoles, synthesis, 226, 275-283 

2-aminothiophene, 193 

aminyl radical, 92 

amlodipine, 306 

ammonia, 304, 305, 306, 308, 309, 314, 317, 320, 

362 
ammonium carbonate, 266 
ammonium chloride, 512-513, 538 
ammonium monothiocarbamate, 267 
ammonium nitrate, 317,319 
amphimedine, 332 
AMNT, 277 

4-<-amyl-2-hydroxyphenones, 528 
anaphylaxis, 530 
R-(+)-anatabine, 367 
anilidomethylene malonic ester, 425 
P-anilino-acrylate, 427 
anionic mechanism, 347 
anionotropic rearrangement, 346 
p-anisaldehyde, 502 
anisic anhydride, 531 
antarafacial, 329 
anthranilic acid, 387 
antibacterial, 429, 509, 528 
anticonvulsant, 268 
antiepileptic, 268 
antifungal agent, 189, 515, 528 
antihypertensive agent, 306, 509 
anti-inflammatory agent, 187 
anti-inflammatory activity, 500 
antimalarial, 401, 424 
antineoplastic agents, 532 
antipicornavirus agent, 532 
antitumor activity, 186, 202, 467 
antiviral, 467, 509 
aphidicolin, 244 

archidonate 5-iipooxygenase, 530 
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aromaticity, 303, 338 

Artemisia annua, 500 

2-arylbenzofuran-3-carboxylic acids, 496 

2-arylethylamine, 469, 470, 475 

p-arylethyl amine 

arylhydrazone, 117-128 

2-aryl-3-hydroxy-4//- 1 benzopyran-4-ones, 496-502 

arylidene, 264 

2-aryl quinolines, 407 

N-arylsulfonylguanidines, 514-515 

aspidosperma alkaloids, 338 

asteltoxin, 48 

asymmetric aziridination, 1 

asymmetric cyclopropanation, 8 

asymmetric epoxidation, 39-43, 50-62 

asynchronous, 33 1 

aurantioclavine, 167 

aurones, 496-497 

automated library synthesis, 1 96 

Auwers flavone synthesis, 262-265 

Description, 262 

Experimental, 264 

Historical Perspective, 262 

Mechanism, 262-263 

Synthetic Utility, 263-264 

Variations and Improvements, 263 
azadiene, 327 
aza-heterocycles, 333 
azazirconacyclopentadiene, 340 
azaindole, 120, 125, 156 
azete intermediate, 331 
azides, 227-228 

5-azido-4-formyloxazoIes, 227-228 
aziridination, 9-10, 18 
aziridines, 18, 22-28, 63-66 
azirine, 18,22-27 
aziridine phosphonates, 1 8 
azlactones, 229-233 



B 

Barbier reaction, 18 
Batcho-Leimgruber indole synthesis, 104 

Description, 104 

Historical Perspective, 104 

Mechanism, 105 

Synthetic Utility, 105 

Experimental, 108 
Bartoli indole synthesis, 100 

Description, 100 

Historical Perspective, 100 

Mechanism, 100 

Synthetic Utility, 101 

Experimental, 102 
Barton nitrite photolysis, 95 
Barton-Zard reaction, 70-78 

Description, 70 



Experimental, 76-77 

Historical Perspective, 70-71 

Mechanism, 71 

Synthetic Utility, 73-75 

Variations and Improvements, 71-73 
batzelladine F, 517 
Beirut Reaction, 504-508 

Description, 504 

Historical Perspective, 504 

Mechanism, 504-505 

Variations and Improvements, 505-506 

Synthetic Utility, 506-507 

Experimental, 508 
bentonitic clay, 317 
5,6-benzflavonol, 263 
benzofiiran oxide (BFO), 504-508 
benzofurazan oxides, 504-505 
(+)-benzomorphan, 367 
benzoquinone, 347 
benzothiazine, 420, 421 
benzoxazinone, 387 
benzoxazole, 43 1 

6-benzoylacetyl-5-hydroxyindoles, 528-529 
benzylaminomethyl polystyrene, 542 
benzylation, 277 
2-benzyl-2-hydroxydihydrobenzofuran-3-ones, 496- 

497 
benzylidene, 262 
benzylideneaniline, 465 
benzylisoquinolines, 472 
benzylisothiocyanate, 280 
2-benzoyl-benzofuran-3-one, 263 
2-benzylidenedihydro-b-naphthafurano-l -one, 263 
5-benzyloxy-pyridine-2-carbaldehyde, 267 
Berberine, 457 
betaine, 3, 5 
Beyer, 308 
biaryls, 243, 245 
Biginelli condensation 

See Biginelli Reaction 
Biginelli dihydropyrimidine synthesis 

See Biginelli Reaction 
Biginelli, Pietro, 509 
Biginelli Reaction, 321, 509-520 

Description, 509 

Historical Perspective, 509 

Mechanism, 509-5 1 1 

Variations and Improvements, 511-515 

Synthetic Utility, 515-518 

Experimental, 519 

tethered, 514-515, 517-518 
binaphthyls, 242-243 
biostere for the peptide linkage, 269 
bipyridines, 339 
bipyridyl, 349 

Bischler-Napieralski reaction, 376-385, 457, 462, 
465, 480 
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Description, 376 

Experimental, 384-385 

Historical Perspective, 376 

Mechanism, 376-378 

Synthetic Utility, 381-384 

Variations and Improvements, 378-381 
bismuth (III) acetate, 231, 498 
bismuth carbonate, 498 
bismuth trichloride, 51 1-512 
bismuth triflate, 511-512 
bisureide, 509-510 
blood-brain barrier, 365 
Bobbitt, 481, 482, 483, 484, 485 
Boekelheide reaction, 301, 340-349 

Description, 340 

Experimental, 347 

Historical Perspective, 340 

Mechanism, 340 

Variations and Improvements, 343 
Boger reaction, 301, 323-339 

Description, 323 

Experimental, 337 

Historical Perspective, 323 

Mechanism, 325 

Variations and Improvements, 329 
Bohlmann-Rahtz pyridine synthesis, 301, 3 10, 31 1, 

318 
boron trifluoride diethyl etherate, 5 1 1 
Borsche.410,413,415 
Bradsher cycloaddition, 363 
bromination, 263 
bromine, 319 
Bucherer-Bergs reaction, 266-274 

Description, 266 

Experimental, 273 

Historical Perspective, 266 

Mechanism, 266-267 

Synthetic Utility, 268-272 

Variations and Improvements, 267-268 
Bucherer-Lieb variation, 267-272 
Burgess reagent, 250-251 
butadiene, 329 
f-butylcyanoacetate, 196 
4-f-butyl-2-hydroxyphenones, 528 
Mnitylhypochlorite, 129-132 
4-butyrylnaphthocoumarins, 527-528 
l-butyryl-2-naphthols, 527-528 



(±)-calanolide A, 529 

calcium channel antagonistic, 306 

calcium channel blockers, 509 

calix[4]pyridine, 352 

Camps quinoline synthesis, 375, 386-389 

Description, 386 

Experimental, 389 

Historical Perspective, 386 

Mechanism, 386-387 



Synthetic Utility, 387 

Variations and Improvements, 387-389 
carnptothecin, 336, 448 
CAN, 319 
canthine, 338 
carbazoles, 396 
carbenium ion, 510 
5-carbethoxy-4-thiohydantoin, 279 
carbocation, 346, 348 
P-carboline, 376, , 378, 469, 470, 471, 473, 474, 

476 
carbon disulfide, 267, 275 
carbon oxysulfide, 275 
carbon tetrabromide, 512-513 
P-carbony] sulfide, 129 
cardiovascular, 306 
cannabinoid receptor l(CB-l), 298 
CC-1065, 335 
celecoxib, 297-298 

cerium trichloride heptahydrate, 51 1-512, 519 
Chichibabin (Tschitschibabin) pyridine synthesis, 

301,309 
chiral auxiliaries, 47, 237, 241 
chiral diamines, 30 
chiral guanidine bases, 85 
chiral oxazolines, 237-248 
chiral sulfur ylides, 6 
chloranil, 319, 322 
chloroacetaldehyde, 160-162, 166 
chloroacetone, 160, 162-163 
chloroacetyl chloride, 525 
4-chlorobenzamidine, 539 
4-chlorocinnoIine, 540 
4-chlorocoumaran-2-one, 263 
chloroflavonol, 263 
chloroform, 337, 338, 350, 351, 353 
2-(4-chlorophenyl)-4-hydroxy-6-phenylpyrimidine, 

539 
l-(2-chlorophenyl)-3-methylisoquinoline, 464 
3-chloropyridine, 350 
3-chloroquinoline, 350 
2-chloro-3-quinolinecarboxaldehyde, 443, 445, 446, 

449 
chlorosulfonic acid, 65, 66 
chlorothieno[2,3-i]pyridinecarboxaldehydes, 447 
chlorothieno[2,3-6]pyridine, 447 
8-chlorotlavonol, 264 
chromium trioxide, 319 
chromones, 521-525, 527-529, 533 
Ciamician-Dennstedt rearrangement, 350-354 

Description, 350 

Experimental, 353 

Historical Perspective, 350 

Mechanism, 350 

Synthetic Utility, 352-353 

Variations and Improvements, 351-352 
cinchomeronylacetic ester, 420 
cinchona alkaloid, 34, 36 
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cinchoninic acid, 453, 454 

cinnoline, 540 

Claisen condensation, 199, 201, 411, 415, 452 

Claisen isoxazole synthesis, 220-224 

Description, 220 

Experimental, 223 

Historical Perspective, 220-221 

Mechanism, 220-221 

Synthetic Utility, 222-223 

Variations and Improvements, 221-222 
Claycop, 319 

cobalt dichloride hexahydrate, 51 1 
collagen cross-link, 321 
Combes quinoline synthesis, 375, 390-397, 399 

Description, 390 

Experimental, 396-397 

Historical Perspective, 390-391 

Mechanism, 391-392 

Synthetic Utility, 

Variations and Improvements, 392-396 
combinatorial synthesis, 5 1 8 
conducting polymers, 84 
conjugate addition, 185, 199,211-212,240-241 
Conrad-Limpach reaction, 398-406, 426 

Description, 398 

Experimental, 405 

Historical Perspective, 398-399 

Mechanism, 399-400 

Variations and Improvements, 400-405 
conservation of orbital symmetry, 326, 328 
Cook-Heilbron 5-amino-thiazole synthesis, 275-283 

Description, 275 

Experimental, 282 

Historical Perspective, 276-276 

Mechanism, 276 

Synthetic Utility, 278-282 

Variations and Improvements, 277-278 
copper (II) triflate, 5 1 5 
Corey-Chaykovsky reaction, 2-14, 269 

Description, 2 

Experimental, 13 

Historical Perspective, 2-3 

Mechanism, 3 

Synthetic Utility, 4-13 

Variations and Improvements, 3-4 
Corey's ylide, 2 
Cornforth rearrangement, 225-228 

Description, 225 

Experimental, 228 

Historical Perspective, 225 

Mechanism, 225-226 

Synthetic Utility, 227-228 

Variations and Improvements, 226-227 
costaclavine, 138 

coumarins, 230, 521, 523, 527-528 
Crixivan, 40 
crambescidin, 517 



cromoakalim, 40 

crotonaldehyde, 304 

crown ethers, 84 

cupric nitrate, 3 1 9 

a-curcumene, 244 

(-)-cucurbitine, 272 

cuparene, 58 

Curtius degradation, 275 

cyanoacetic acid, 197 

cyanoacetic esters, 308, 309 

cyano-carbamic acid, 267 

cyanohydrin, 266 

2-cyanomethyl-l ,3-benzothiazole, 507 

9-(3-cyanophenyl)-2,7-dinitrophenanthridine, 468 

cyanopyridines, 352 

2-cyanopyrroles, 72 

cyclen, 462, 463 

cycloaddition reaction, 301, 304, 326, 328, 329, 330, 

331,333,335,340,345,362 
cyclodehydration, 249-253, 310, 312 
1,3-cyclohexanedione, 163, 165 
cyclohexanone, 193 
cyclopropanation, 7, 417 
N-cyclopropylquinolones, 429 
cycloreversion, 326, 331, 333, 345 
cyclosexipyridine, 313 
cyclostellettamine B, 372 

D 

Darvon alcohol, 58 

Darzens condensation, 3 

Darzens glycidic ester condensation, 15-21 

datiscetin, 263 

DBU, 319, 362, 525 

DDQ, 319 

decarboxylation, 15, 161-162, 175, 199-201,292 

deglyco-desacetamidobleomycin A 2 , 334 

dehydration, 160-161 

dehydroamino acids, 230-23 1 

desacetamidopyrimidoblamic acid, 334 

desymmetrization, 60 

deuterium labeling, 226 

DHT, 5 

diacylaminoepindolidione, 403 

dialdehyde, 390 

2,4-diaminothiophenes, 195 

diastereomers, 27 1 

diazadiqiunomycins, 440 

diazonamide A, 252 

dibenzoylmethanes, 524 

3,4-dibenzyloxybenzoic anhydride, 532 

dibromo-coumarones, 262 

P-dicarbonyl, 305, 306, 312, 321 

1,3-dicarbonyl, 193,292 

dication, 391 

diethyl tartrate, 50, 53-54, 57, 59, 61 

Dieckmann condensation, 185, 418 
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Diels-Alder reaction, 326, 327, 328, 329, 330, 331, 

332, 336, 339, 340, 350 
diene, 326, 328, 329, 330, 340 
dienophile, 326, 328, 329, 330, 338 
2,4-diethylquinoline, 397 
diethyl phosphorocyanidate (DEPC), 353 
2,3-dihydro-l//-2-benzazepine-3-carboxylicacid, 

473 
dihydroflavonols, 496-498 
dihydrofuran, 161, 164, 165-166 
dihydrofurano[2,3-c]pyran, 473 
3,4-dihydroisoquinoline, 376, 377, 378, 379, 380, 

381,382,383 
3,4-dihydroisoquinolones, 380 
dihydronaphthalenes, 237-239, 242 
1,4-dihydronicotinamide, 366 
dihydropyridine, 305, 306, 307, 316, 318, 319, 331, 
340, 362 

3,4-dihydropyrimidin-2(l//)-ones (DHPMs) 509- 
519 

dihydrotestosterone, 5 
P-diketone, 308, 312, 390, 536 
1,4-diketone, 79 
diketopyrrolidine, 407 
diketosulfides, 203-204 
Dilantin®, 268 

2,5-dimethoxyquinolines, 438 
dimethylhydrazone, 339 
2,6-dimethyl-4-hydroxylpyrimidine, 537 
dimethylmalonate, 536 
5,8-dimethyl quinoline, 395 
dimethylsulfate, 353 
dimethylsulfonium methylide, 2 
dimethylsulfoxonium methylide, 2 
dilithio-TosMIC, 256 
5,5-diphenylhydantoin, 268 
diphosphonic acid, 353 
diradicals, 44-45 
disconnection, 304 

2,5-disubstituted oxazoles, 234-236, 249-253 
4,5-disubstituted oxazoles, 227, 255 
dithioacids, 275 
dithioformic ester, 276 
divinyl sulfone, 212-213 
DMFDMA, 104-108 
DMSO,318 
DMSY, 2 

DNA-gyrase inhibitors, 528 
Doebner quinoline synthesis, 375, 407-410 

Description, 407 

Experimental, 410 

Historical Perspective, 407 

Mechanism, 408 

Scope and Limitations, 409-410 

Variations and Improvements, 409 
Dominguez, 379, 385 

domino Michael-O-alkylation reaction, 165 
Z.-DOPA, 232 



duocarmycine SA 41 



Eaton's acid, 120 

Eburnamonine, 477 

Ecteinascidin 743, 477 

efaroxin, 20 

electrocyclic, 33 1, 346, 348, 362 

electrocyclic ring opening, 357, 359 

electrocyclization, 44, 340, 362, 399, 426 

electron-donating group (EDG), 329 

electron-withdrawing group (EWG), 330 

electrophilic aromatic substitution, 376, 377, 379, 

381,470 
p-elimination, 16 
ellipticine, 396 
enamine, 145-152, 195 
Endochin, 401 
endo transition state, 329 
enone, 269 
epoxides, 15-21 
epoxidation of 

aldehydes and ketones, 4-7 

ally! alcohol 

2,3£-disubstituted allyl alcohols, 56 

3,3-disubstituted allyl alcohols, 57-58 

cis-disubstituted olefins, 35-36 

/ra/w-disubstituted olefins, 37 

2-substituted allyl alcohols 

3£-subsituted allyl alcohols 

3Z-substituted allyl alcohols 

2,3,3-trisubstituted allyl alcohols, 58 

trisubstituted olefins, 37-38 

tetrasubstituted olefins, 37-38 
epoxy alcohols, 50-62 
epoxy esters, 15-21 
epoxy ketones, 19 
ergot alkaloids, 143 
Erlenmeyer-Plochl azlactone synthesis, 229-233 

Description, 229 

Experimental, 232-233 

Historical Perspective, 229-230 

Mechanism, 229-230 

Synthetic Utility, 232 

Variations and Improvements, 230-23 1 
ethanolamine, 505 

5-ethoxycarbonyl-4-(4-methoxyphenyl)-6-methyI- 
3,4-dihydropyrimidin-2(l//)-one, 519 
2-ethoxycarbonyl-3-methylquinoxaline 1 ,4-dioxide, 

508 
4-ethoxy-2-hydroxyacetophenone, 52 1 
ethoxymethylenemalonate, 424 
a>-ethoxyphloroacetophenone, 53 1 
ethyl acetoacetate, 160-163, 165-166, 398, 399, 404, 

405, 508 
ethyl benzoylacetate, 539 
ethyl 2-chloroacetoacetate, 163-164 
2-ethylchromone, 524 
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ethyl <»-(3-chromonyl)alkanoates, 525 

ethylcyanoacetate, 1 94- 1 95 

ethylene, 329 

ethyl oxalate, 154-158 

jV-ethylpiperidine, 526 

ethyl thioglycolate, 187 

eupatin, 499-500 

eupatoretin, 499-500 

eupolaurmine, 332 

exo transition state, 329 

F 

Fehnel,413 

Feist-B6nary furan synthesis, 160-167, 173, 175 

Description, 160 

Historical Perspective, 160 

Mechanism, 160-161 

Synthetic Utility, 161-164 

Variations, 164-166 

Experimental, 166 
fenfluramine, 55 
ferric nitrate, 319 

ferrihydrite silica gel aerogels, 513 
fibrinogen receptor antagonist, 269 
Fischer indole synthesis, 1 17-128 

Description, 117 

Historical Perspective, 117 

Mechanism, 117 

Scope and Limitations, 118 

Synthetic Application, 125 

Experimental, 127 
Fisher oxazole synthesis, 234-236 

Description, 234 

Experimental, 236 

Historical Perspective, 234 

Mechanism, 234-235 

Synthetic Utility, 236 

Variations and Improvements, 235 
flash vacuum pyrolysis, 426, 430 
flavanilin, 411 
flavone, 262 

flavones, 521, 523, 525-526, 530-532 
flavonols, 262, 496-502, 531 
fluconazole, 7 
formaldehyde, 304, 315 
7-formal indole, 101 
formamidine acetate, 278 
a-formylester, 398 
fredericamycin, 336 
free radical mechanism, 347 
free radical-based mechanism, 347 
Friedlander synthesis, 375, 41 1-415, 439, 451 

Description, 411 

Experimental, 414-415 

Historical Perspective, 4 1 1 

Mechanism, 411-412 

Synthetic Utility, 414 



Variations and Improvements, 412-414 

Frontier Molecular Orbital theory (FMO), 326, 328, 

329 

furans, 160-181 

2-substituted, 161-162, 169 
2,3-disubsituted, 161-162, 165, 166, 173 
2,4-disubstituted, 173, 178 
2,5-disubstituted, 168, 169-172, 173, 179- 

180 
2,3,4-trisubstituted, 162-163, 164 
2,3,5-trisubstituted, 164, 173-176, 178-179 
tetrasubsituted, 163-164, 176-177 

furo[3,4-tfl-pyrimidines, 518 



Gabriel-Colman rearrangement, 416-422 

Description, 416 

Experimental, 421 

Historical Perspective, 416-417 

Mechanism, 417-419 

Synthetic Utility, 419-421 

Variations and Improvements, 419 
Gabriel-Cromwell reaction, 63 
Gabriel's procedure, 63 
Gabriel reaction, 63 
Gassman indole synthesis, 129 

Description, 129 

Historical Perspective, 129 

Mechanism, 129 

Synthetic Utility, 130 

Experimental, 132 
galangin, 525-526 
gastric secretion inhibitors, 501 
general acid catalysis, 359 
Gewald aminothiophene synthesis, 193 

Description, 193 

Historical Perspective, 193 

Mechanism, 193 

Synthetic Utility, 195-197 

Experimental, 197-198 

Variations and Improvements, 194-195 
geoporphyrins, 73 
glycididic esters, 15-21 
glycidol, 54 

glycopyranosyl thiophene C-nucleoside, 1 96 
C-glycosylated dihydropyrimidines, 516-517 
glyoxoline, 281,282 
Gold's reagent, 105 
Gold (III) salts, 321 
Golfomycin A, 186 
Gould-Jacobs reaction, 399, 423-436, 437 

Description, 423 

Experimental, 434-435 

Historical Perspective, 423-426 

Mechanism, 426-427 

Variations and Improvements, 427-434 
Graebe-Ullmann carbazole synthesis, 133-135 
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Description, 133 

Historical Perspective, 133 

Mechanism, 133 

Synthetic Utility, 133 

Experimental, 135 
green chemistry, 3 14 

Grignard reagents, 22-27, 100-102, 242-243. 245, 
369 

Guareschi imides, 309 
Guareschi-Thorpe pyridine synthesis, 301, 308 

H 

halfordinol, 236 
haliclamine A, 372 
JV-haloamines, 89 
o-haloaryl resins, 542 
a-halo esters, 15-21 
Hammett equation, 358 

Hantzsch (Dihydro)-pyridine synthesis,, 301, 304- 
322 

Description, 304 

Experimental, 320 

Historical Perspective, 304 

Mechanism, 305 

Variations, 307 

Improvements or modifications, 314 
Heck reaction, 136 
Hegedus indole synthesis, 135-139 

Description, 135 

Historical Perspective, 135-136 

Mechanism, 136-137 

Synthetic Utility, 137-138 

Variations, 137-138 

Experimental, 138 
Henegar, 413, 415 
Hennoxazole A, 250 
Henry reaction, 70 
Henze modification, 268, 270 
5-hetereoaryl-oxazoles, 225-228 
hetero-Diels-Alder, 326 
heterogeneous catalysis, 51 1, 513 
hexamethyldisilazane, 82 
I-hexoses, 59-60 

highest occupied MO (HOMO), 328, 329, 330 
hippuric acid, 229-233 
Hoch-Campbell aziridine synthesis, 22-28 

Description, 22 

Experimental, 27 

Historical Perspective, 22 

Mechanism, 22 

Synthetic Utility, 24-26 

Variations and Improvements, 23 
Hofmann-Loffler-Freytag reaction, 90 

Description, 90 

Experimental, 97 

Historical Perspective, 90 

Mechanism, 90-91 

Synthetic Utility, 93-96 



Variations and Improvements, 91-93 
Horner- Wittig reaction, 172 
human immunodeficiency virus (HIV-1), 529 
Hurd-Mori 1,2,3-thiadiazole synthesis, 284-291 

Description, 284 

Experimental, 290 

Historical Perspective, 284-285 

Mechanism, 285-287 

Synthetic Utility, 287-289 

Variations and Improvements, 287 
hydantoin, 266-273 
hydrazine, 292-299 
hydrazone, 284, 287-289, 293 
Hydroamination, 135 
hydrogen peroxide, 350, 35 1 
hydropyran carbaldehyde, 517 
hydroxamic acids, 221 
2-hydroxyacetophenone, 501 
o-hydroxyacetophenones, 527 
a-hydroxy amides, 235 
p-hydroxy amides, 250 
o-hydroxyaryl ketones, 521-533 
4-hydroxy-3-carboalkoxyquinoline, 423 
2'-hydroxychalcones, 496-502 
4-hydroxycinnoline, 540 
4-hydroxycinnoline-3-carboxylic acid, 540, 543 
3-hydroxydihydroquinolone, 499 
a-hydroxy esters, 38 

3-hydroxyflavone-6-carboxylic acids, 501 
3-hydroxyflavones, 496-502 

See flavonols 
3-hydroxyisoxazoles, synthesis, 220-224 
a-hydroxy ketones, 38 
a-hydroxy ketoximes, 26 
hydroxylamine, 220-224 
2-hydroxy-4-methoxyacetophenone, 497 
4'-hydroxy-3-methoxyflavones, 530 
3-Hydroxy-2-(4-methoxyphenyl)-8, 8-dimethyl-8//- 

pyrano[2,3-/|chromen-4-one, 502 
4-hydroxy-2-methylquinoline, 398, 399 
o-hydroxypropiophenones, 527 
hydroxypyrimidines, 537 
a-hydroxyquinoline, 437 
4-hydroxyquinoline, 423, 427, 434, 483 
hydroxythiophene, 195 



I 

imidazole from thiazole, 280 
imidoyl chlorides, 377 
imines, 23, 23 1 
iminochloride, 425, 444 
iminolactone, 90 
5-imino-oxazolidin-2-one, 267 
iminopyridinium ylides, 361 
indium trichloride, 316, 511-512 
indium tribromide, 51 1-512 
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indole, 334,351,352, 353 

indole, 3,4-disubstituted, 137 

indole, synthesis, 99-159 

indoline, synthesis, 124, 135 

indolizidines, 56 

inflammation, 530 

interrupted Feist-Benary fiiran synthesis, 161, 165 

inverse electron demand, 326, 328, 330, 336 

ionic liquids, 511 

ionization, 346 

P-ionone, 4 

ion-pair, 347, 348 

iron trichloride hexahydrate, 511-512 

isatin, 410, 412, 451, 452, 453, 454, 455, 456 

isobutylchloroformate, 351 

isocarbostyril, 416 

isochroman, 473 

isocyanides, 254-259 

isocyanate, 267 

a-isocyanoacetates, 70 

isoflavones, 525-526, 532-533 

isoindoles, 74 

isoquinoline, 356, 375, 376, 379, 381, 384, 403, 
416, 417, 418, 419, 422, 457, 458, 460, 461, 462, 
469, 470, 471, 476, 480, 481, 482, 483, 484 

isoquinolinone 1,4-diol, 416 

isoquinolinium salts, 362 

isothiocyanates, 275 

isoxazolin-5-ones, 220 

3-isoxazolols, synthesis, 220-224 



Jackson, 436, 481, 484 
Jacobsen catalyst 30 
Jacobsen-Katsuki epoxidation, 29-43 

Description, 29 

Experimental, 42 

Historical Perspective, 29-30 

Mechanism, 30-33 

Synthetic Utility, 35-42 

Variations and Improvements, 33-34 
Johnson's ylide, 4 



K 

Kepmter, 413 
keto-aldehyde, 390 
P-ketoanilides, 438 

P-keto esters, 220-224, 292, 298, 427, 438, 536 
P-keto thioester, 438, 441 
ketoximes, 22-27 
kinase inhibitors, 84 
kinetic resolution, 39, 58-59 
Knoevenagel, 193, 308, 316 
Knorr, 375, 386, 398 
Knorr pyrazole synthesis, 292-300 
Description, 292 



Experimental, 299 

Historical Perspective, 292-293 

Mechanism, 293-295 

Synthetic Utility, 297-299 

Variations and Improvements, 295-297 
Knorr pyrrole synthesis, 79-88 

Description, 79 

Experimental, 86-87 

Historical Perspective, 79-80 

Mechanism, 80 

Variations and Improvements, 81-86 
Knorr quinoline synthesis, 437-443 

Description, 437 

Experimental, 441-442 

Historical Perspective, 437 

Mechanism, 437-438 

Synthetic utility, 438-441 

Variations and Improvements, 438 
Kondrat'eva, 327, 332 
KOnig salts, 355, 356, 358, 359 
Kostanecki-Robinson Reaction, 321, 521-535 

Description, 521 

Historical Perspective, 521-522 

Mechanism, 522-524 

Variations and Improvements, 524-526 

Synthetic Utility, 527-533 

Experimental, 533 
KrOhnke pyridine synthesis, 301, 313 



lactacystin, 55 

lactones, 240 

lanthanum trichloride heptahydrate, 51 1 

lanthanum triflate, 5 1 1 

Larson, 379 

lavendamycin, 333 

Lawesson's reagent, 209-217 

leukotrienes, 530 

Lewis acid, 118-119,321,321 

catalysis, 511-512, 519 
LiAlH„, 327 
ligand exchange, 5 1 
liquid crystal, 212 
Lithiation, 350 
lithium bromide, 51 1-512 
lithium diethylphosphite, 353 
lithium perchlorate, 511 
living polymerization, 12-13 
(-)-lobeline, 369 

lowest unoccupied MO (LUMO), 328, 329, 330 
(-)-lupetidin 
lycoramine, 384 

M 

macrosphelide A, 55-56 
Madelung indole synthesis, 140-144 
Description, 140 
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Historical Perspective, 140 

Mechanism, 140 

Synthetic Utility, 141 

Experimental, 144 
malonic esters, 536 
malononitrile, 193 
mappicine, 413 
mastigophorene A and B, 245 
manganese triacetate dihydrate, 5 1 1 
Mannich base, 313 
manoalide, 59 
m-CPBA, 349, 353 
Meerwein's reagent, 353 
Meldrum's acid, 221, 423, 427 
melinonine-E, 383 
a-mercaptoketones, 194 
2-mercaptothiazole, 279 
2-mercapto-5-thiazolone, 280 
mercaptide, 194 
mercury olefmation, 135 
meroquinene, 94 
metalation, 247-238, 240-242 
metapyridophanes, 352 
metaquinolophanes, 352 
Meth-Cohn quinoline synthesis, 443-450 

Description, 443 

Experimental, 449 

Historical Perspective, 443-444 

Mechanism, 444-446 

Synthetic Utility, 448-449 

Variations and Improvements, 446-448 
Methano-l-aza[10]annulenes, 338 
methoxatin, 455 
4-methoxybenzaldehyde, 519 
7-methoxyindole, 105 
CD-methoxyphloroacetophenone, 525-526 
a>-methoxyresacetophenone, 521 
methyl acetoacetate, 519, 536 
/V-methy!-D-aspartate (NMDA), 449 
methylation, 10-11 
C-methylation, 10 
0-methylation, 11 
S-methylation, 11 
3-methylbutanal, 196 
4-methyl-2-cumaranone, 262 
methyl dithiophenylacetate, 278 
2-methyl-4-hydroxyquinoline, 405 
methylene insertion, 2 
methylene transfer, 2 
7-methylindole, 100, 102 
methylindole-4-carboxylate, 106, 108 
l-methyl-4-isoquinoline, 458 
methyllithium, 332 
Af-methylmorpholine, 526 
(3-methylproline ethyl ester, 93 
4-methyl-2-quinolone, 399 
methylsulfinyl carbanion, 2 
methylthioglycolate, 184-185 



3-O-methylquercetin, 532 

6-methyluracil, 537 

Meyers Oxazoline Method, 237-248 

Description, 237 

Historical Perspective, 237-238 

Mechanism, 238-240 

Variations, 240-244 

Applicatons, 244-245 

Experimental, 246-248 
Michael addition, 3, 71, 184, 186, 307, 309, 310, 
312,316 

intramolecular, 262 
microwave conditions, 82, 134, 178-179,215,250- 
25 1, 3 17, 3 18, 339, 430, 447, 471, 492, 493, 511, 
513,516,518 
Minisci reactions, 353 
mitotic kinesin inhibitors, 509, 516 
mitrolactonine, 59 
MO, 328, 329 
molecular sieves, 53, 506 
monastrol, 516 

montmorillonite clays, 81, 319, 513 
monoamination, 136 
Morgan-Walls, 465 
Mori-Ban indole synthesis, 135 
morpholine, 195, 508 
morpholinium acetate, 514, 517 
morpholinocyclohexene, 504 
Mozingo modification, 524 
multi-component reactions (MCRs), 509 

N 

NAD+/NADH analogs, 355, 356, 363, 370, 371 

NADH, 306, 362 

Naflon-H, 513 

Nal, 315 

enr-nakamural A 

a-naphthol, 507 

P-naphthol, 507 

naphthyridine, 414, 415, 419, 420, 421, 433 

2,7-naphthyridine, 363 

napthyridone, 404 

natural atomic charges, 303 

Nenitzescu indole synthesis, 145-153 

Description, 145 

Historical Perspective, 145 

Mechanism, 145 

Scope and Limitations, 146 

Synthetic Application, 150 

Experimental, 152 
neuropeptide Y (NPY) antagonists, 509 
Niementowski, 412, 415 
nickel dichloride hexahydrate, 5 1 1 
nifedipine, 306 
nitrene, 22 
nitric acid, 317, 319 
nitrilium, 377, 378, 379, 380, 381 
nitroamine, 91 
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p-nitrobenzaldehyde, 497 
nitrogen radical cation, 90 
3-nitroquinoline, 393 
nitrosation, 81 
nitrotoluene, 104 
(+)-nordextrorphan, 368 
(+)-norm&azocine, 368 
Norvasc®, 306 

JV-Sulfonyl-l-aza-l,3-butadienes, 336 
nucleophilic aromatic substitution, 188, 243 

O 

,8 labeling, 249-250 

octahydrodibenzofurans, 163 

p-orcacetophenone, 527 

olefin addition, Markovnikov with amines, 137 

opioid receptor ligands, 3 1 5 

ortho-dinitrosobenzene form, 505 

Ortoleva-King reaction, 313 

osteoblasts, 320 

osteoporosis, 32 1 

oxazinones, 336 

oxazole, 327, 332 

oxametallocycle, 32 

Oxazinane, 473 

oxazoles, synthesis, 234-259, 267 

oxazolidine, 367, 369, 461 

oxazolidones, 235 

oxazoline, 458, 459, 460 

5-oxazolones, 229-233 

A'-oxides, 29-31, 34, 316, 345, 346, 347, 349, 350, 

351,352,353,354,362,361 

oximes, 25 

oxetanes, synthesis of, 44-49 

oxetanocin, 48 

oxetenes, 46 

oxicam, 420 

oxiranes, 15-21 

oxonium, 262 

oxoproline, 27 1 

oxygen, 319, 321,346, 348 

ozonolysis, 86 



P38 kinase inhibitors, 186 

Paal-Knorr furan synthesis, 161, 168-181 

Description, 168 

Historical Perspective, 168 

Mechanism, 168-169 

Synthetic Utility, 169-177 

Variations, 178-180 

Experimental, 180 
Paal-Knorr Pyrrole synthesis, 79-88, 168 

Description, 79 

Historical Perspective, 80 

Mechanism, 80 

Variations and Improvements, 81-86 



PAL, 316 
palladium(II), 135 

palladium-catalyzed coupling, 350, 542 
Paterno-Buchi reaction, 44-49 
Description, 44 
Historical Perspective, 44 
Mechanism, 44-46 
Synthetic Utility, 47-49 
Variations and Improvements, 46-47 
Payne rearrangement, 59 
Pd/C,319 

Pd-catalyzed transfer hydrogenation, 82 
Pearlman's catalyst, 532 
penicillin, 275 

pentacyclic bisguanidine, 5 1 7 
peonol, 521 
Petrenko-Kritschenko piperidone synthesis, 301, 

314,315 
Pfitzinger quinoline synthesis, 375, 410, 412, 415, 
451-456 

Description, 451-452 

Experimental, 455-456 

Historical Perspective, 45 1 

Mechanism, 452 

Synthetic Utility, 453-455 

Variations and Improvements, 452-453 
phase-transfer conditions, 4, 9, 18, 351 
jV-phenacylphthalimides, 418 
phenacylpyridinium betaines, 312 
phenanthridine, 465, 466, 467 
phenanthroline, 414 
phenazine 5,10-dioxides, 507 
phenethyl amide, 376, 378 
phenethyl carbamate, 380 
phenylethyny laminopyrazole, 54 1 -542 
phenyl(bromodichloromethyl)rnercury, 352 
phenylmenthol, 18,47 
phenyl(trichloromethyl)mercury, 351 
phomactin A, 57 
phomazarin, 334, 402 
phosphazene superbase, 71 
phosphoric acid, 249 
phosphorus oxychloride, 251-252 
phosphorus pentasulfide, 207-21 1 
photochemical Aldolization, 48 
phthalimide, 4 1 6, 4 1 7, 4 1 8, 4 1 9 
Pictet-Gams Reaction, 375, 381, 457-464 

Description, 457 

Experimental, 464 

Historical Perspective and Mechanism, 
457-462 

Synthetic Utility, 462-463 
Pictet-Hubert Reaction, 465-468 

Description, 465 

Experimental, 468 

Historical Perspective and Improvements, 
465-466 
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Mechanism, 466 

Synthetic Utility, 467 
Pictet-Spengler isoquinoline synthesis, 375, 469- 
479 

Description, 469 

Experimental, 478 

Historical Perspective, 469-470 

Mechanism, 470-471 

Synthetic Utility, 473-477 

Variations and Improvements, 471-473 
Pictet-Walls, 466 
Pinner pyrimidine synthesis, 536-539 

Description, 536 

Historical Perspective, 536 

Mechanism, 536-537 

Synthetic Utility, 537-538 

Experimental, 539 
piperidines, 89, 367, 368, 369, 413 
piperidinium acetate, 514 
platinum(II), 136 
P 2 5 , 327 
POCl 3 , 350 
poliomyelitis, 530 
Polonovsky reaction, 346 
polymer supported guanidine base, 73 
polymethylene polymers, 13 
Polyhomologation, 12-13 
Polypeptides, 280 

polyphosphate ester (PPE) 51 1, 513, 516 
p orbital, 303 
Pomeranz-Fritsch Reaction, 375, 480-486 

Description, 480 

Experimental, 485 

Historical Perspective, 480 

Mechanism, 480 

Synthetic Utility, 482-485 

Variations and Improvements, 48 1 
porphyrins, 73-74 
potassium carbonate, 254-255, 258 
potassium cyanide, 266 
potassium channel opener, 320 
potassium permanganate, 319 
precoccinelline, 315 
proazaphosphatrane, 71 
promothiocin, 311 
l-propionyl-2-naphthols, 527 
protic acid catalysis, 511-516 
protoberberine, 383, 472 
protonated aminyl radical, 90, 94 
pseudoyohimbone, 476 
Pummerer rearrangement, 59, 286, 346 
4H-pyrano[2,3-/|indoIe derivatives, 528-529 
pyrazole, 292-297 
pyrazolone, 287, 292, 298 
pyridine, 301, 303, 304, 305, 308, 309, 310, 31 1, 
312, 313, 314, 315, 317, 3 18, 321, 322, 326, 327, 
330, 33 1 , 332, 333, 334, 340, 345, 350, 352, 353, 
361,362 



pyridine TV-oxides, 361 
pyridinium, 304, 312, 313, 321, 362 
TV-pyridinium salts, 355 
2-pyridones, 371 

pyridopyrimidine, 404, 432, 433, 434 
pyridoquinolin-2-ones, 448 
pyridoxine, 327 
pyridyl radical cation, 347 
pyridyl-P-alanines, 310 
pyridyne, 350 
pyrimidine, 327, 334, 434 
pyrimidines, 536-539 
pyrimidine JV-oxides, 74 
pyrimido[4,5,e(]pyridazines, 518 
pyrimine, 351 
pyrrole, 302, 350, 351, 352 
pyrrolidines, 89, 414 
pyrrolo[3,4-rf]pyrimidines, 515, 518 



quaternary stereocenter 241 

quaterpyridines, 349 

quinaldic acid, 349 

quindoline-5-carboxylic acid, 451 

quinoline, 351,358 

3-quinolineamine, 440 

4-quinolineamine, 440 

quinolin-2-ol, 386, 387, 388, 389 

quinolin-4-ol, 386, 388, 389 

quinoline, 375, 386, 387, 388, 390, 391, 392, 395, 
396, 398, 403, 404, 407, 409, 410, 411, 412, 413, 
424, 427, 428, 435, 437, 438, 439, 443, 444, 446, 
448, 449, 451, 454, 488, 489, 490, 491, 492, 493 

quinolines, 398, 400, 402, 407, 424, 425, 427, 432, 
439, 440, 443, 444, 445, 446, 451, 487, 488, 489, 
490 

quinolinic acid, 453, 455 

quinolinic acids, 452 

quinolinimidoacetic ester, 420 

quinolizidine, 380 

quinolizidines, 380 

quinolone, 402, 403, 404, 405, 429, 437, 444, 445 

quinolones, 496, 499 

quinone, 145-153 

quinoxaline, 431,448 

quinoxalinecarboxamide 1,4-dioxides, 505 

quinoxaline- 1,4-dioxide, 504-506 

R 

racemization, 382 

radical mechanism, 347 

radical scavengers, 347 

RaneyNi, 129-131,278,281 

rearrangement, 301, 302, 304, 331, 345, 346, 347, 

348,349,350,351,358 
receptor-mediated imaging, 462 
Reformatsky reaction, 369 
Reimer-Tiemann, 350 
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Reissert-Henze reaction, 353 
Reissert indole synthesis, 154-158 

Description, 154 

Historical Perspective, 154 

Mechanism, 154 

Synthetic Utility, 155 

Experimental, 157 
resacetophenone, 521, 526 
resin-bound TosMIC, 257 
resonance pictures, 303 
resorcinol, 462 
reticuline, 483 
retro-aldol reaction, 17,306 
reverse transcriptase inhibitor, 529 
rhamnocitrin, 498 
rhinoviruses, 530 
Rhozoxine D, 59 
Riehm Quinoline Synthesis, 375, 487, 492 

Description, 487 

Historical Perspective, 487 

Mechanism, 487 
ring contraction, 388, 389 
ring strain, 186,200 
Rink resin, 3 1 6 

Ritter Reaction, 40, 377, 379, 381 
Robinson-Gabiel synthesis, 249-253 

Description, 249 

Experimental, 252-253 

Historical Perspective, 249 

Mechanism, 249-250 

Synthetic Utility, 251-252 

Variations and Improvements, 250-25 1 
Robinson-Schopf reaction, 314 
rubrolone, 336 

S 

S 8 , 194-197 

saccharine, 420, 421 

Saframycin A, 471 

salen, 29-30, 33 

salicylaldehydes, 30, 230 

samarium trichloride hexahydrate, 5 1 1 

Schiff bases, 278 

Schlittler-Muller, 481, 485 

secondary orbital overlap, 329 

SET, 10, 25 

Sharpless-Katsuki asymmetric epoxidation, 50-62 

Description, 50 

Experimental, 61 

Historical Perspective, 50-51 

Mechanism, 51-53 

Synthetic Utility, 54-60 

Variations and Improvements, 53-54 
[3,3]-sigmatropic rearrangement, 100, 117 
silica gel, 506 
silica-alumina catalyst, 304 
silica sulfuric acid, 513 



single electron transfer, 10, 25 
Skraup/Doebner-von Miller Reaction, 488-494 

Description, 488 

Experimental, 493 

Historical Perspective, 488 

Mechanism, 488 

Synthetic Utility, 489-493 

Variations and Improvements, 488-489 
Smith Synthesizer, 318 
sodium acetate, 229, 319 
sodium anisate, 53 1 
sodium te«-butylate, 526 
sodium methylate, 526 
sodium nitrite, 3 1 9 
sodium sulfide, 194 
sodium tribromoacetate, 351 
sodium trichloroacetate, 352, 353 

(+) solenopsin, 369 

solid-phase synthesis, 72, 82, 102, 143, 197, 251, 

257,363,364,380,518,542 
solid support, 47 1 
spectroscopic studies, 306, 362 
spiro epoxide, 4 
spirohydantoins, 268 
spiroindolenine, 378, 471 
split and pool, 316 
sponge-derived natural products, 372 
steganone, 244 
Steliou reagent, 210 
stereoelectronic effects, 307 
Stetter reaction, 212-213 
Strecker synthesis conditions, 27 1 
streptonigrin, 333 
strychnoxanfhine, 383 
Suarez modification, 91 

2-substituted-6-hydroxy-4-methylpyrimidine, 536 
2-substituted oxazoles, 251 
5-substituted oxazoles, 254-259 
succinaldehydes, 81 
sulfamic acid, 512-513 
sulfate ester, 64 
sulfonamides, 91 
sulfur, elemental, 193, 319 
sulfuration, 195 
sumatriptan, 126 
suprafacial, 329 
swainsonine, 55 



tambulin, 531-532 
Taxol side chain, 40 
Tebbe reagent, 354 
teretifolione B, 39 
terminal olefins, 35 
terminal oxidant, 34 
teretifolione B, 39 
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terminal oxidant, 34 
terpenes, 244 
terpyridines, 313 
tetrahydrobenzofurans, 163 
tetrahydroisoquinoline, 378, 469, 470, 471, 475, 

477, 478, 482, 483 
4,5,6, 7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol 
tetrahydropyridines, 367, 369 
tetramethoxyflavone, 500 
6,6,10,1 l-tetramethyl-4-propyl-2//,6#,12//- 
benzo[l ,2-6:3,4-6 ':5,6-6 "]tripyran-2,12-dione, 533 
TFA,316 

TFAA, 349, 351,354 
(TH1P), 221 
tetrazines, 326 

1,2,3-thiadiazole, 284, 285, 290 
thiadiazole, 284-290 
thiazolopyrimidines, 278-279 
thienopyrimidine, 196 
thiirane, 2 
thioamide, 279 
thiohydantoin, 267, 279 
thionyl chloride, 284, 288 
thiostrepton, 349 
thioureido compounds, 282 
three-component coupling, 305 
titanium reagents, 81, 107 
TMSC1, 315, 320, 350 
TMSI.315 

p-toluenesulfonic acid, 512-514 
TosMIC, 72, 254-259 
a-tosyloxy-ketone, 196 
TPAP oxidation, 5, 252 
triazine, 326, 327, 328, 330, 331, 333, 334, 336, 

337,338,339,341 
triazole, 133 
tribenzylamine, 526 
triflic anhydride, 350 
trifluoroacetic acid, 512-513 
(trimethylsilyl)amidine, 538 
trimethylsilylcyanide, 352 
triphenylphosphine, 250, 257 
tripropylamine, 526 
2,4,5-trisubstituted oxazoles, 249-253 
2,4,6-trisubstituted pyrimidines, 537 
tropinone, 314 
trypanocidal, 465 
tryptamine, 470 
tryptophan, 473, 474 

U 

Ullmann coupling, 243-245 

Ultrasound, 339, 446 

ultrasound-promoted hydantoin synthesis, 267 

ureide, 510 

3-ureido ethyl acrylate, 510 



V 

vanillin, 232 

van Leusen oxazole synthesis, 254-259 

Description, 254 

Experimental, 258-259 

Historical Perspective, 254-255 

Mechanism, 255-256 

Synthetic Utility, 258 

Variations and Improvements, 256-257 
varantmycin, 56 
veratraldehyde, 233 
Vilsmeier reaction, 179 
Vilsmeier reagent, 443, 444, 448 
Vilsmeier-Haack, 439, 443, 447 
vinyl magnesium halide, 100 
vinylogous, 380,419 
vitamin A, 15 
vitamin B 6 , 327 
VonBraun, 377 
von Richter cinnoline synthesis, 540-543 

Description, 540 

Historical Perspective, 540 

Mechanism, 540-541 

Synthetic Utility, 541-542 

Experimental, 543 
VX-497, 258 

W 

Wacker oxidation, 136 
Wagner-Meerwein, 348 
Wang resin, 197 
Weinreb amide, 8 
Weinreb a-aminoamides, 81 
Wenker aziridine synthesis, 63-67 

Description, 63 

Experimental, 66 

Historical Perspective, 63 

Mechanism, 64 

Synthetic Utility, 65-66 

Variations and Improvements, 64-65 
Wenker's protocol, 64 
Woodward-Hoffmann rules, 326 



xanthorrhizol, 244 

Xanthoxylum acanthopodium, 53 1 



Yb(OTl) 3 , 312, 511-512 
Yohimban alkaloids, 382 

Z 

Z0947, 320 
zeolites, 513 
Zincke reaction, 355 

Description, 355 

Historical Perspective, 355 

Mechanism, 357 
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Variations and Improvements, 361 

Synthetic Utility, 366 

Experimental, 372 
Zincke salts, 355 
zirconium catalyst, 340 
zirconium complexes, 85 
zirconium salts, 81 
ZnBr 2 , 312 
zwitterionic species, 270 



